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ABSTRACT

PHYLOGENETICS OF NORTH AMERICAN PSORALEEAE
(LEGUMINOSAE): RATES AND DATES IN A
RECENT, RAPID RADIATION

Ashley N. Egan

Department of Microbiology and Molecular Biology
Doctor of Philosophy

The scientific discipline of phylogenetics involves understanding the diversity of
life in the context of history. Technological advances in molecular biology and
computational power have created an exponential increase in the number and kind of
phylogenetic studies, allowing exploration of all manner of questions concerning the
evolutionary history of a group. This dissertation research is focused on
phylogenetic theory and applying these methods to the plant tribe Psoraleeae
(Leguminosae; Fabaceae) with an emphasis on North American (NAm) members.
First, theory of phylogeny estimation is explored in a review chapter focusing on
strengths and weaknesses of phylogenetic methodology. Second, methods are
applied to estimating evolutionary relationships within Psoraleeae based on six

chloroplast (trnD/T, trnL/F, trnS/G, trnK, matK, and rpoB-trnC) and two nuclear
(ITS and waxy) DNA regions. This study explores approaches for coding insertiondeletion events (gaps) as phylogenetic characters using maximum parsimony and
Bayesian Inference. Inclusion of gaps generally increased topological resolution and
nodal support, attesting to their phylogenetic utility. Findings suggest inclusion of
gaps to be especially useful in chloroplast-based studies as they represent a greater
proportion of phylogenetic signal as compared to nuclear regions. Past Psoraleeae
classification schemes were tested and taxonomic revisions suggested. Furthermore,
phylogenetic comparative methods are used to investigate correlation between
geography and narrow endemism in NAm Psoraleeae. Geographic variables of
latitude, longitude, and elevation all correlate with range size and provide support
for Rapoport’s rule of species-richness following latitudinal gradients.
Finally, estimated phylogenies are used to investigate divergence dates,
nucleotide substitution rates, diversification rates, and the impact of climate change,
past and present, on diversification of NAm Psoraleeae. Results suggest the group
has undergone a recent, rapid radiation. Rates of molecular evolution are fast,
relative to other Legume lineages. Topological and temporal methods confirm the
existence of diversification rate shifts in NAm Psoraleeae. Quaternary climate
oscillations are shown to have significantly impacted diversification in the group
while current shifts from mesic to xeric climate regimes did not.
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INTRODUCTION
The discipline of phylogenetics centers on understanding the diversity of life in the
context of history. Advances in genetics and molecular biology have increased the
number and type of genetic markers available for inferring evolutionary history of the
earth’s organisms. Enhancement of DNA sequencing technology and growth of
computing power have enabled phylogenetic studies on scales previously unattainable.
Today, many studies focus around creating the tree of life, a hypothesis of the
evolutionary relationships of all life forms. Plant systematics is leading this foray, with
the seminal work of the angiosperm phylogeny group (APG 2003), who have
revolutionized plant classification at family and ordinal levels (Soltis, Soltis et al. 2006).
Much focus has centered on understanding the origin of land plants (Karol, McCourt et
al. 2001) and seed plants (Donoghue and Doyle 2000; Soltis, Soltis et al. 2002; Zanis,
Soltis et al. 2002). Many researchers continue to contribute to the plant tree of life
through higher level phylogenetic studies among orders and families, with works too
numerous to list here.
The legume family, Fabaceae or Leguminosae, is one of the most vital plant families
in terms of economic importance, with species used for food, fibers, medicine, oils, and
industrial materials, to name a few. Leguminosae has benefited from recent
phylogenetic work (Doyle, Doyle et al. 1997; Kajita, Ohashi et al. 2001; Wojciechowski,
Lavin et al. 2004). As mentioned, much focus has been on higher level studies,
providing good support and knowledge concerning the ‘trunk’ of the plant family tree.
Less focus has been given to the ‘tips’ of the plant tree of life, meaning lower level
phylogenetic studies centered on the generic and species levels (Crandall and Buhay
2004). This dissertation research contributes to the tips of the tree of life and to Legume
systematics by estimating molecular phylogenetic relationships within Psoraleeae, a
tribe consisting of nine genera worldwide, with five genera endemic to North America.
Several attributes make Psoraleeae an interesting group to study in terms of
evolutionary history. Lavin, Herendeen et al. (2005) estimated divergence dates across
the Legume family and found Psoraleeae to be the second youngest crown clade in the
family with a putative divergence date of 6.3 million years ago. Lavin, Herendeen et al.
(2005) also found elevated rates of molecular evolution within this group relative to other
legume lineages. A large percentage of the North American members of Psoraleeae
are narrowly endemic to specific regions of the United States. These attributes
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combined make Psoraleeae an excellent system in which to study speciation processes
within a recent time frame.
This dissertation research focuses on phylogenetic methodology and using
phylogenies to answer questions concerning evolutionary history, processes, and
outcomes. Chapter 1 presents an overview of phylogenetic theory, comparing and
contrasting different methods and issues pertaining to estimation of evolutionary
relationships. The methods are then applied to tribe Psoraleeae with an emphasis on
North American taxa to estimate molecular phylogenies (Chapter 2). This work provides
support for taxonomic revisions within Psoraleeae and presents a new species of
Pediomelum in the United States (Appendix).
A hypothesis of phylogenetic relationships is just the beginning of a model for the
evolutionary history of a group. Phylogenies are important not only for illuminating
relationships among taxa, but for acting as a framework for comparative studies and
testing of evolutionary hypotheses (Soltis and Soltis 2003). The realm of hypothesis
testing within a phylogenetic framework includes delving into questions such as testing
alternative classification schemes or biogeographic hypotheses, modeling the molecular
evolution of a gene and how natural selection has impacted evolution, estimating
population level parameters and interactions, testing models of speciation or estimating
divergence dates, to name just a few. This dissertation research utilizes the
phylogenetic hypotheses of North American Psoraleeae to test alternative classification
schemes (Chapter 2), test correlates of endemism within the group (Chapter 2), estimate
divergence dates (Chapter 3), investigate nucleotide substitution rates (Chapter 3), test
speciation models and diversification shifts (Chapter 3), and test the impact of past and
present climate change (Chapter 3).
This research thus contributes to the elucidation of the plant tree of life by
contributing to the tips of the Leguminosae branch. In addition, this work contributes
insight into the processes of evolution by studying diversification processes across time
and space, the traits of North American Psoraleeae discussed above making it
especially suited to these purposes. This is just the beginning, however, of work
concerning this group. Future work includes publishing taxonomic revisions within the
tribe and continued work on speciation level processes. Research at the population
level is currently underway for Pediomelum pariense, a species endemic to a single
county of Utah in the United States with implications for conservation management. In
addition, the genus Pediomelum provides an excellent system to investigate speciation
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as it resides on the boundary between species and population level studies. The
application of differing phylogenetic strategies that do not assume bifurcation are
ongoing for this genus, in the hopes of understanding speciation within this group
through network analyses.
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Theory of Phylogenetic Estimation
ASHLEY N. EGAN
KEITH A. CRANDALL

he genetic makeup of an organism (genotype)
provides a blueprint for its physical existence
(phenotype)—from morphological characteristics
to biochemical constituents and processes—
characterizing the organism as a unique individual,
unlike any other in the world. Yet there are obvious
biological similarities among different organisms.
Scientists have noted these similarities and differences and endeavored to use them to reconstruct
historical relationships between extant species. The
observations and endeavors of past scientists to
understand the evolution of life have led to the
scientific discipline of phylogenetics.
Evolutionary theory implies that all species are
historically related, each species occupying a
branch on the tree of life united through shared
characteristics due to common ancestry, yet independent through unique characteristics found only
in their lineage. Evolutionary, hierarchical relationships are portrayed by a phylogeny, a branching
diagram that represents hypothetical lines of descent
or paths of inheritance among organisms or their
traits. Phylogenies are built upon the shared and
contrasted traits of a group of organisms or their
parts. Morphological, chemical, physiological,
demographic, and genetic characteristics have all
been used to reconstruct phylogenies. The advent
of molecular biology has provided a powerful tool
for unraveling evolutionary relatedness. Modern
biotechnology has allowed the estimation of phylogenies based on the detection of genetic variation
among different lineages through DNA sequence
analysis. By tracing backward along the phylogeny,
a common ancestor for a group of alleles, traits, or
organisms can be found.

T

In its infancy, molecular phylogenetics was
mostly applied to evolutionary systematics and
species relationships. As technology and methodology have expanded, phylogenetics has been applied
to diverse issues and scientific disciplines. Evolution,
ecology, conservation biology, systematics, comparative biology, behavior, genetics, molecular biology,
development, forensics, epidemiology, and infectious disease are just a few of the fields now incorporating phylogenies and phylogenetic methods into
their research. Phylogenies provide essential knowledge concerning evolutionary relationships, establishing a foundation for hypothetical reasoning. The
evolutionary information portrayed by a phylogeny
allows scientists to formulate and test hypotheses
or draw inferences concerning historical events.
Phylogenetic analyses allow more enlightened
choices in matters such as conservation planning
and resource management, drug development and
disease treatment, or even matters of criminal guilt
or innocence.
A phylogeny represents paths of descent that
depict the transmission of characters from ancestral
lineage to descendent lineage. It consists of terminals (the species or genes sampled), internal nodes
(ancestral state reconstructions of the associated
characters), and branches (which define the relationships of the units and can represent the relative
divergence among the terminals and nodes).
Branch lengths may depict the time between speciation events according to the mutation rate or the
number of mutations along a lineage, depending on
the operational taxonomic units (OTUs). The tree
topology may also have a root (the common ancestor to all involved taxa). A tree can be rooted using
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the outgroup method in which one or more taxa
known to share a distant common ancestor are
specified as the root. Alternatively, the tree can be
rooted based on the assumption of a molecular
clock in which character evolution is said to assume
a certain rate along the branches of the tree. The
topology is rooted at a point that effectively splits
the amount of character evolution in half. OTUs
may be hierarchical groups or parts thereof, such
as species, individuals, or even genes (Figure 28.1).
A distinction must be made between phylogenies
that portray organismal relationships and those
that depict the evolutionary history of a part of an
organism (e.g., a gene).

Gene Trees Versus Species Trees
A gene tree depicts the evolutionary history of a
specific gene shared by a group of organisms, such
as the 18S ribosomal subunit. Analysis of this gene
provides a phylogeny that proposes a hypothesis
for the paths of inheritance of the 18S ribosomal
subunit among the involved taxa. Different genes
may exhibit different paths of inheritance, thereby
providing a different hypothesis for species relations. A species tree can be inferred by tracing the
evolutionary history of many genes from a group of

species, delimiting the evolutionary events that mark
routes of inheritance between the involved taxa.
Species are usually delineated by reproductive
boundaries, which help mold the course of evolution. A bifurcation on a species tree represents a
speciation event in which an ancestral species split
into two descendant species. The position of a bifurcation on a phylogeny represents the time of speciation. The topology of gene trees versus species
trees may or may not differ depending on where
the mutation took place along the tree relative to
the speciation event. Genetic divergence among the
genes may have occurred before the speciation
event. In the case of Figure 28.2A, the gene split
came relatively close to the species split, resulting in
no major problems with phylogeny estimation. The
gene split in Figure 28.2B greatly preceded the
species split. While this does not change the topology,
it can cause an overestimation of branch lengths—
the time between evolutionary events. The branching pattern of the tree may differ between gene and
species trees when genetic polymorphism exists in
the ancestral species, causing paths of inheritance
to be misconstrued. This effect, known as incomplete lineage sorting, arises from the persistence of
gene lineages present before speciation, some of
which may not be inherited by all species. In the case

FIGURE 28.1. Example of a phylogeny with included terminology. Sister
taxa are two taxa derived from a common ancestral node, they are each
other’s closest relatives; a monophyletic group includes an ancestor with
all its descendants; a polytomy is an internal node with more than two
immediate descendants, representing either simultaneous divergence or an
unresolved node.
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FIGURE 28.2. Possible relationships between gene trees (unbroken lines)
and species trees (shaded area). The gene and species tree are the same
in A and B with divergence times between genes and species similar
in A. Genes X and Y diverged before the respective species in B. The
topologies of the gene tree and species tree differ in C due to incomplete
lineage sorting. Modified from Nei (1987).

of Figure 28.2C, the gene split prior to speciation
event 1 was sorted between the two resultant
species, creating a polymorphism within one species
just after the event. This group then continued to
speciate through event 2, with each gene lineage
comprising a new species. This misconstrued the
true tree by leading to an inference that genes X
and Y are related via speciation event B when in
actuality genes Y and Z are related via the gene
split prior to speciation event 1. Other evolutionary
processes such as recombination, horizontal transfer, hybridization, selection, and gene duplication
may also create incongruence between gene and
species trees.

SEQUENCE ALIGNMENT
Alignment between nucleotide positions in a group
of sequences provides a statement of homology, or
shared ancestry, upon which historical inferences
of evolution can be made. The manner in which
nucleotide or amino acid sequences are aligned has
a profound effect on phylogenetic analysis. Sequence
alignment endeavors to maximize similarity or
minimize inferred changes between nucleotide or

amino acid character states within an alignment.
Alignments can be straightforward for closely
related individuals or conserved coding genes, but
can be very problematic for distantly related taxa
and/or noncoding sequences. Alignment is complicated by length differences between sequences due
to insertion or deletion events (indels). Alignments
involving indels can be determined through the use
of cost functions and gap penalties. Determination
of the globally best alignment is based on minimizing the cost function associated with each alignment, ascertained by assigning penalty scores for
nucleotide or amino acid changes and indels or gaps.
Different theories behind cost functions can result
in varying optimal alignments. For example, transitions and transversions may be assigned different
costs. Gaps can be assigned one overall cost, regardless of position. Alternatively, affine gap costs—
which endeavor to incorporate biological processes
into gap cost functions—institute a gap initiation
cost and gap continuance cost of a lesser value.
Some scientists oppose this method because the
complexity of the gap cost function cannot be incorporated into the phylogenetic analysis (Phillips et al.
2000). In addition, the use of cost functions for
sequence alignment is criticized by some because
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the cost functions are often user-defined, making
the procedure less objective. Needleman and
Wunsch (1970) first suggested a dynamic programming algorithm for optimal pair-wise sequence
alignment. This algorithm elucidates the optimal
pair-wise alignment by traversing a matrix plot of
sequences and determining the least costly path,
resulting in the optimal pair-wise alignment.
Computationally, this process is limited to aligning
only a few sequences. Phylogenetics deals with
multiple sequence analysis.

Multiple Sequence Alignment
Theoretically, the Needleman and Wunsch algorithm
can be used to align multiple sequences through an
n-dimensional matrix. However, this becomes
nearly impossible above three sequences. The MSA
program (Lipman et al. 1989) expanded this
number to five to seven sequences, depending on
length. The algorithm of MSA also traverses an
alignment matrix, but uses a branch and bound
technique to pare down the area traversed, essentially removing cells that will not contribute to the
optimal alignment by calculating and imposing an
upper bound on the alignment cost. As a cost measure, the algorithm minimizes the sum of pairs by
adding the alignment costs between each pair of
sequences in the multiple alignments. However, the
sum of pairs measure does not take into account
common ancestry, requiring correction through use
of a weighting scheme based on relatedness. In spite
of the MSA program algorithm allowing up to seven
sequences, the fact that the weighting scheme
requires phylogenetic information introduces a measure of circularity if the alignment is used to infer
evolutionary relationships within phylogenetics. In
addition, optimality is not guaranteed because the
upper bound calculated by the algorithm is usually
high. MSA uses a neighbor-joining algorithm to
create a guide tree for the alignment. The neighborjoining method creates a tree by determining the
pair of taxa with the shortest branch length, in this
case, with the least sequence divergence. Those
sequences are used to create a composite sequence
and combined with the least divergent remaining
sequence and so on (Saitou & Nei 1987).
The alignment of many sequences can become
an NP (nondeterministic polynomial) complete
problem in that no known algorithm can guarantee
a correct solution in polynomial time. Therefore,
like phylogenetic analysis, heuristic methods for

7
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multiple sequence alignment must be used. Various
software exists to tackle the task of aligning multiple
sequences, most of which uses a progressive alignment algorithm. Clustal (Thompson et al. 1997) is
a popular program that begins by computing a
distance matrix of all pair-wise comparisons
between nucleotide or protein sequences. It then
uses a cluster method, such as the neighbor-joining
method, to create a guide tree from the matrix that
specifies the order in which sequences are to be
aligned. The least costly pair of sequences are aligned
and subsequently locked. The next sequence is then
aligned to the pair, and so on. In addition to gap
and mismatch penalties, Clustal also allows other
penalty considerations, such as penalties for breaking secondary structure. The standard approach for
multiple sequence alignment is to use Clustal for
an overall initial alignment and then adjust by eye.
The advantage of this progressive algorithm is speed.
The process, however, does not guarantee the minimum cost alignment. In addition, different parameters will result in differing alignments.
The program MALIGN (Wheeler & Gladstein
1994) adds an additional alignment optimization
technique beyond the Clustal framework. After
creating an initial guide tree via methods similar
to Clustal, MALIGN then endeavors to find an
optimal guide tree through random addition and
branch swapping on the guide tree. The guide tree
that gives the least cost alignment is then used to
progressively align the sequences. MALIGN does
not guarantee the optimal alignment, but often
finds less costly alignments than Clustal. It requires
greater computation time, however. MALIGN can
find multiple guide trees of the same least cost, an
attribute that can be both advantageous and disadvantageous depending on research objectives.
Although multiple sequence alignment algorithms produce a good alignment, anomalies can still
be created. Therefore, the researcher should always
check the alignment for possible incongruencies. If
the sequence is coding, the alignment can be translated into amino acid sequence to check for erroneous nucleotide homology statements based on the
reading frame. Two examples of sequence alignment
editing programs that can aid in this process are
Se-Al (Rambaut 2002) and MacClade (Maddison
& Maddison 2000). The alignment can then be
adjusted to ensure correct amino acid translation
and reading frame. Coding regions are often highly
conserved and can often be completely aligned by
eye. Noncoding genes can be more problematic.
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A messy region in the alignment may adversely
affect estimation of the phylogeny. For this reason,
areas of questionable alignment are often deleted
prior to phylogenetic analysis. Still more quandaries
exist. Given the sequence data, several alignments
of equal score can be inferred. In addition, each
equal-cost alignment may produce different trees.
Therefore, determining which alignment will give
the optimal tree topology is problematic. This has
led to the creation of methods that integrate alignment and phylogeny estimation together, thus eliminating several stumbling blocks often encountered
in phylogenetic reconstruction.

Simultaneous Alignment and
Phylogeny Reconstruction
Because phylogeny reconstruction is based on
aligned sequences, many researchers optimize the
alignment separate from the tree-searching portion
of phylogenetic analysis. However, the ideal
method would be one in which sequence alignment
and phylogeny estimation take place simultaneously, using the same optimality criterion for both.
TreeAlign is a program that creates alignments and
phylogenies based on a combination of distance
matrices and approximate parsimony. A pair-wise
distance matrix is used to create a guide tree for use
in constructing ancestral sequences. The algorithm
seeks to minimize the sum of user-defined weights
of indels and substitutions in an effort to optimize
the alignment and phylogeny (Hein 1994). Like the
multiple alignment algorithms, the use of a guide
tree by TreeAlign introduces circularity into the
analysis, an aspect seen as unfavorable by many.
In addition, the program is limited in use due to the
amount of memory needed for the analysis.
TreeAlign is best used on a Unix workstation or
mainframe.
Direct optimization (DO), also known as optimization alignment, combines multiple sequence
alignment and tree reconstruction into a single step
(Wheeler 1996). It avoids the problems involved
with instituting gaps and determining the gap cost
function by incorporating indels as transformation events that link ancestral and descendant
nucleotide sequences through heuristic determination of hypothetical ancestral sequences. Unique
nucleotide homologies are dynamically determined
for a given topology and are optimized at every
node using a Fitch optimization down-pass and an
alignment algorithm that minimizes the weighted

union/intersection cost. Putative ancestral sequences
are formulated using an up-pass. This method can
use a variety of cost minimization functions including parsimony and maximum likelihood models
and is implemented in the program POY (Wheeler
& Gladstein 2000). Like other heuristic alignment
and phylogeny algorithms, DO does not guarantee
the optimal alignment or phylogeny. One drawback
to DO is that it does not produce a sequence alignment for review. However, a synapomorphy-based
implied alignment can be obtained from the results
(Wheeler 2003).
DO provides promising potential for simultaneous sequence alignment and phylogeny reconstruction, but can only work within certain limits. Some
researchers disagree with this approach because
it seems to compound the difficulty of alignment
and phylogeny reconstruction into one larger NP
complete problem. Therefore, multiple sequence
alignment is the prevailing alignment method,
followed by phylogeny estimation.

MODELS OF EVOLUTION
Molecular evolution is based on change within a
sequence over time. The observed difference
between two sequences may underestimate the
amount of evolutionary change because of the
possibility of unseen mutational events or multiple
hits. For example, during the course of evolution a
nucleotide at a specific site may mutate from the
ancestral state of “A” through an unobserved intermediary state of “G” and finally to the extant state
of “T.” The intermediate mutation was not
observed. The prospect of unobserved reversals can
also occur: the ancestral nucleotide “A” can mutate
to a “C” and experience a reversal back to “A”.
Thus, a mathematical model that describes and
corrects for the difference between observed
and expected change is needed. All phylogeny
reconstruction methods, including alignment and
topology estimation, make use of evolutionary
models that describe the underlying process of
nucleotide substitution, whether implicit or
explicit. The model of sequence evolution must
consider both the pattern and rate of change. In
addition, models can account for biases stemming
from differing nucleotide frequencies, substitution
rate heterogeneity across a sequence, invariable
sites, codon position, and secondary and tertiary
structure.
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Numerous models of evolution have been
created to account for various evolutionary scenarios,
moving from simple to complex. The Jukes–Cantor
model (JC69) is the simplest (Figure 28.3), assuming that equilibrium nucleotide frequencies are equal
and that any nucleotide can change to any other
with equal probability (Felsenstein 2003). The
Kimura 2-parameter model (K2P) allows for differences in transition and transversion rates while
keeping equal base frequencies. The Felsenstein
1981 model (F81) allows some bases to be more
common than others while keeping substitution
probabilities equal. F81 assumes that base frequencies are similar across sequences. Combining F81
and K2P gives the Hasegawa, Kishino, and Yano
model (HKY85) which allows variation in base
frequencies and transition/transversion bias. The
general time reversible model (GTR) builds on
HKY85 by permitting each of the six substitution
pairs to have different rates. GTR contains the
other models nested within it (Figure 28.4). More
models can be created by allowing irreversible
substitution rates to enter the hierarchy (Felsenstein
2003).
The above models make several assumptions:
nucleotide sites change independently; the substitution rate is constant between lineages and over
time; nucleotide frequencies are in equilibrium; and
nucleotide substitutions are equal across sites and
time. These assumptions may not hold for every
situation. More evolutionary parameters have been
proposed to deal with various situations. The
LogDet transformation deals with varying base

composition by approximating an additive distance
between sequences. Rate heterogeneity within the
sequence can also be observed. The gamma distribution (Γ) shape parameter (α) describes the range
of rate variation among nucleotide sites. A small α
gives an L-shaped curve in which most sites have
low substitution rates while a few have high substitution rates. A larger α conveys less rate heterogeneity among sites (Yang 1994). The proportion
of invariable sites (I), those with zero probability
of change, also incorporates rate heterogeneity
(Steel et al. 2000). These parameters combined
with models already discussed provide an array of
evolutionary scenarios to model the underlying
substitution patterns in a given data set. By adding
parameters to a model, it more closely approximates the observed pattern underlying the data.
However, overparameterization can become a
problem through increased sampling error and
computation time and inconsistency. Therefore,
determining the simplest model that adequately fits
the data is paramount.

Model Optimization
Given the range of evolutionary models, there must
be a way to choose the simplest model that best fits
the data. Maximum likelihood provides a statistical
framework in which to determine the best model
for the data (Huelsenbeck & Crandall 1997). The
likelihood ratio test (LRT) uses a chi-square distribution to determine whether two nested models are
significantly different across the same topology,

FIGURE 28.3. The Jukes–Cantor model (JC69) and Kimura 2-parameter
model (K2P). α, transition rate; β, transversion rate.
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28.4. The nested hierarchy of five models of nucleotide substitution. Model
abbreviations: JC69, Jukes–Cantor; F81, Felsenstein 81; K2P, Kimura 2-parameter;
HKY85, Hasegawa, Kishino, and Yano 1985; GTR, general time reversible. See
Felsenstein (2003) for a thorough discussion of models of evolution as well as citation to the primary literature on models.

FIGURE

one providing a better fit to the data than the other.
The alternative hypothesis is the more complex
model. A chi-square test of the simple versus
complex model can be tested using the difference in
the number of free parameters as the degrees of
freedom (Felsenstein 1988). ModelTest, a program
for determining the best model of evolution for a
data set using maximum likelihood, uses the LRT
to find the simplest scenario that models the underlying process of evolution (Posada & Crandall
1998). A starting tree topology is inferred from the
data using parsimony or neighbor-joining. The
program then compares the likelihood estimates of
56 nested evolutionary models inferred on the topology using a hierarchical LRT. This determines the
model with the least parameters that adequately fits
the data, thus eliminating unnecessary parameters.
The chosen model and estimated parameters can
then be used for phylogeny inference. Drawbacks
include the need for a starting tree which introduces a measure of circularity. In addition, the
outcome may be sensitive to the starting topology,
but simulation results suggest that this is not a
great concern (Posada & Crandall 2001).

DISTANCE METHODS
Once an alignment is determined, historical inferences concerning the course of evolution can be
made. This is done by reconstructing a phylogeny

which outlines the branching pattern and branch
lengths linking taxa from ancestor to descendant.
Several methods exist to reconstruct the tree topology. Distance methods transform the data into a
matrix of evolutionary distances between all pairs
of sequences, usually defined by the number of
nucleotides that differ between pair-wise comparisons. Phylogenetic relationships are then reconstructed by algorithmically combining taxa in a
manner that reflects the distance values. For distance
methods to be accurate, the distance between two
sequences needs to correspond to the branch lengths
between the species, i.e., evolutionary distances
need to be additive. For long distances this is not
usually the case due to multiple hits. Unless
corrected for, the possibility of multiple hits can
distort the phylogeny estimated from evolutionary
distances. Differing rates of substitution can also
impact the outcome. Models of nucleotide substitution can be applied to correct for these differences.
Unweighted pair-group method of arithmetic
means (UPGMA) is a clustering algorithm that
assumes a molecular clock, that is, that nucleotide
substitutions accumulate at a specified rate across
time. The phylogeny is built in a stepwise manner,
joining the least divergent sequences first. A new
distance matrix is computed treating the combined
sequences as a composite individual. This is repeated
until two composite individuals exist, becoming
sister to each other in the phylogeny. This method
is fast, but often inaccurate (Hillis et al. 1994).

10

0195168178_0426-0444_Fox-28.qxd

11/23/05

5:00 PM

Page 433

Theory of Phylogenetic Estimation
The neighbor-joining method (NJ) uses arithmetic
means for distances between nodes with multiple
taxa. Starting with a star phylogeny, each node is
resolved by adding the one pair of neighboring
taxa which minimize the branch length of the
topology overall. Like UPGMA, this method also
uses composite taxa to create subsequence distance
matrices. The addition of “neighbors” continues
until all taxa are included. The algorithm of the NJ
method allows it to make a good approximation of
the minimum evolution tree. One advantage of the
NJ method over UPGMA is that it does not assume
a molecular clock, an often unrealistic assumption.
The NJ method is computationally fast and correct
if the tree is additive (Saitou & Nei 1987). It is the
most popular distance method for phylogeny
reconstruction and is used in heuristic searching
strategies as well.
Distance methods as a whole have both advantages and disadvantages. One advantage over parsimony is the ability to institute different models of
nucleotide substitution. In addition, distance methods are faster than other methods of phylogeny
reconstruction. The major drawback to distance
methods is the loss of information. The transformation of nucleotide sequences to evolutionary
distances makes it impossible to derive ancestral
sequences using these methods. In addition, branch
lengths can often be difficult to interpret due to
negative or fractional distances. Another drawback
of the UPGMA and NJ methods is that they do not
compare alternative topologies in an effort to find
optimal trees. The final trees are simply a product
of the algorithmic functions used to create the tree.

OPTIMALITY CRITERIA
Algorithmic methods provide one tree when in
actuality the number of possible tree topologies for
a given number of taxa can be exponentially large.
Optimality criteria, such as maximum parsimony,
maximum likelihood, or minimum evolution,
provide a means of determining which tree topology
best illustrates the evolutionary history between
involved taxa by maximizing or minimizing an
optimality function on all or a heuristic subset of
possible tree topologies. Each optimality criterion
makes explicit assumptions about the processes of
evolution. Differing opinions tend to cause heated
debates concerning which optimality criterion is
best (see Box 28.1).
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Minimum Evolution
Minimum evolution is an optimality criterion
applied to distance data using exhaustive or heuristic search strategies. This criterion uses the minimum sum of branch lengths and is based on the
assumption that the topology with the least total
branch length score best represents the true evolutionary relationships of the taxa. The data are fit to
a possible tree topology and branch lengths are
computed across the topology using the unweighted
least squares method. Branch lengths can be interpreted as the evolutionary distance between ancestor and descendant, assuming a specific model of
evolution. Minimum evolution can produce many
trees of equal score, an advantage or disadvantage
depending on the study. However, it is not guaranteed to provide the true tree. Some believe that
minimum evolution is not a good optimality criterion because of its foundation of minimizing branch
lengths, asserting that there is no biological basis
that says the true phylogeny must have minimum
branch lengths. Of course, there is no biological
reason why the true phylogeny should be the most
parsimonious or maximum likelihood either.

MAXIMUM PARSIMONY
Maximum parsimony (MP) is an optimality criterion based on Occam’s Razor—that the simplest
solution is the best. There are several ways to
explain the criterion for MP: the best tree is the one
with the fewest evolutionary events or nucleotide
substitutions, the tree which minimizes homoplasy,
or the tree that minimizes the number of ad hoc
hypotheses. Homoplasy is defined as the existence
of similar character states derived independently
rather than from common ancestry. Homoplasy
requires ad hoc hypotheses to explain ill-fitting data
on the phylogeny. These ad hoc hypotheses include
homoplasy attributed to parallelism, convergent
evolution, or reversal events.
MP determines the best tree by counting the
minimum number of nucleotide changes required
to fit the data to a topology. Based on the search
method chosen, MP will assess the number of
changes on all possible trees or a heuristic subset
thereof. The tree with the lowest tree score or tree
length, as defined by the number of changes
summed along all the branches, becomes the most
parsimonious tree and is taken as the tree that best
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BOX

28.1. Philosophical and Methodological Differences in Phylogenetics

Phenetics Versus Cladistics
From its infancy, phylogenetics has been divided between different philosophical and
methodological factions, each school of thought opposing the other in almost warlike
proportions. It began in the context of taxonomy with numerical phenetics. In the
early 1960s, scientists began to apply numerical clustering methods to morphological
data in an effort to establish classification schemes based on similarity. Pheneticists used
an algorithmic, distance-based approach and purported that their methods were only
used for taxonomic reasons. Indeed, they claimed that evolutionary history could not
be inferred. Systematists interested in phylogenetic relationships began to oppose
numerical phenetics, contending that evolutionary history could be inferred. Thus
began the cladistic school of thought in the late 1960s. Willi Hennig was influential by
defining the aim of systematics to be monophyletic classification in which all taxa were
related by common ancestry into nested sets of sister taxa, or clades. In time, cladistics
became the prevailing school of thought.

Cladistic Parsimony Versus Statistical Phylogenetics
As cladistics became more popular, there began to be a schism in thought concerning
methodology. In the beginning, parsimony analysis was the method of choice, in which
the best phylogenetic hypothesis is that tree with the least number of evolutionary
events needed to group taxa. A few phylogenetic systematists advocated the use of
statistical methods. But cladists of the day fervently denied the application of statistics
to phylogenetics, claiming that statistics has no bearing on history and phylogeny
therefore was not an inference problem. The advent of molecular data in the 1970s
would add fuel to the fire, however. Parsimony was still strong in the molecular arena
with Fitch’s optimization of characters on phylogenies, but molecular data introduced
more controversies in the form of conflicting data couched as unseen mutational events
or multiple hits. In the early 1980s, Felsenstein proposed his phylogenetic method of
maximum likelihood, which uses a probabilistic framework to determine the most
likely phylogeny given the data and a model of nucleotide substitution which accounts
for multiple hits. Statistical phylogenetics had gained enough popularity by the 1990s
to see the introduction of several statistical phylogenetics software programs, greatly
boosting the use of statistics for phylogeny inference. The middle 1990s saw the application of Bayesian statistics to phylogenetics as well. While the current decade still
suffers from the schism between cladistic parsimony and statistical phylogenetics, the
fire has died down slightly (Felsenstein 2001).

represents the evolutionary history patterned
within the data. MP does not offer branch lengths
for each node, instead providing an overall length
of each topology in terms of the total number of
changes required. Often, MP finds two or more
trees that are equally parsimonious—that have the
same number of minimum changes. This can be
good in some cases. However, when a single evolutionary hypothesis is desired, this becomes problematic because there is no definite way to determine

which of the set of most parsimonious trees best
represents the actual underlying history of the
organisms. Often a strict (or majority-rule) consensus tree of the MP trees is used to summarize the
common associations found in all (or 50%) of the
MP trees.
MP works well for sequences with little or
moderate divergence but may be inaccurate when
sequences of large divergence are analyzed. This
stems from the assumption that the tree with the
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fewest evolutionary changes is the best, that is, the
tree that minimizes homoplasy. When sequence
divergence is small, the number of homoplasies is
likely to be small and MP will accurately reflect
that. However, when sequence divergence is large,
MP may draw erroneous phylogenetic inferences.
This occurs when some branches evolve faster than
others, and thus are more likely to accumulate
homoplasies. MP tends to groups these sequences
together. Thus, MP may converge on the wrong
tree as more data are added, causing the method
to suffer from inconsistency. This phenomenon is
known as long-branch attraction or the Felsenstein
zone (Felsenstein 2003). Inconsistency may also stem
from the assumption that nucleotide substitutions
are equally likely. If this assumption is violated, MP
may produce faulty phylogenies. However, there
are ways to institute weighting schemes (e.g., transversions are weighted more than transitions)—a
method called weighted parsimony. Using different
substitution rates may better reflect the underlying
biology (Hillis et al. 1994).
Because of the ramifications of MP’s underlying
assumption, many phylogeneticists are dissatisfied
with this optimality criterion. Others see the fact
that MP does not rely on an explicit model of evolution to be an advantage of the method (although it
does rely on an implicit model). MP uses only those
nucleotide sites or character states that are shared
among taxa and derived from the ancestral state.
These sites are deemed parsimony informative.
Some researchers criticize MP for not using all
the available information in a data set. While MP
requires more computation time than distance
methods, it is comparatively faster than more
computationally intense methods such as maximum
likelihood.

Maximum Likelihood
Maximum Likelihood (ML) optimizes the likelihood of observing the data given a tree topology
and a model of nucleotide evolution. In other
words, ML finds the tree topology that explains the
observed data with the greatest probability under a
specified model of evolution. In statistical terms, the
likelihood, L, is stated as L = Pr(data|tree), which is
the probability of observing the data given the tree.
Various models of nucleotide substitution can
be applied to describe the underlying processes
of nucleotide change. The model parameters and
branch lengths can be specified by the researcher or
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estimated from the data. Those parameters that
give the highest likelihood are considered the maximum likelihood estimates of the model parameters.
The likelihood of observing the data on a given tree
with specified branch lengths can be computed by
multiplying the individual probabilities of each
nucleotide site, requiring the assumption that each
site is evolving independently. The likelihood of
a site on a given topology with specified branch
lengths is calculated by summing the probabilities
of all the possible ways the nucleotide could have
evolved. The overall likelihood of the tree is the
product of each site’s likelihood over all the sites, a
number which is often exceptionally small, for
example 9 × 10−29. For mathematical reasons, the
likelihood is often reported as the natural log of the
likelihood score: lnL = −66.88 for the above number.
When comparing alternative tree topologies, the
tree with the highest log likelihood is the maximum
likelihood tree. Remember, this is not the probability that the ML tree is the true tree, but the probability that the tree has produced the observed data.
Also keep in mind that the ML tree under one
substitution model may not be the ML tree under
another model.
Perhaps one of the biggest advantages of ML is
the ability to make statistical comparisons between
topologies and data sets, allowing the testing of
different hypotheses. ML can return several equally
likely trees—a pro or con depending on the study,
but because likelihood is measured in real numbers
instead of integers, fewer equally likely trees are
found compared with the number of equally parsimonious trees. ML makes explicit assumptions
about the process of evolution through the use of a
model of nucleotide substitution. If the model of
evolution does not accurately represent the underlying processes of the data set, the method may
become inconsistent. However, ML is postulated to
be fairly robust to violations of model assumptions
(Felsenstein 2003).
Perhaps the biggest drawback to ML is the
extreme computational intensity required. In addition to computing the likelihood of each nucleotide
on each topology, branch lengths must also be estimated from the data. Depending on the model of
evolution used, other parameters may also require
estimation. The main arguments against ML stem
from the use of statistics to infer history. Some
opponents purport that history should only be
inferred from induction and that statistics has no
bearing on history.
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BAYESIAN INFERENCE
Bayesian Inference (BI) is a statistical method that
builds on maximum likelihood (Huelsenbeck et al.
2001). Whereas likelihood is stated as the probability of observing the data given the hypothesis, BI is
based on the probability that a certain hypothesis is
true given the data. This notion is summarized in
the posterior probability (PP) of a given phylogenetic hypothesis. BI combines a researcher’s prior
beliefs, in the form of a prior distribution, with the
likelihood of the data under a specified evolutionary model in order to obtain the posterior probability of each possible topology. In the case of
phylogenetic analysis, a prior distribution may give
equal weight to all tree topologies, or may incorporate a more complex set of prior beliefs, such as
monophyly of a particular group of taxa. The flat
or equal prior distribution, however, is often far
from the truth.
In mathematical terms the PP is defined as
PP(T, τ, θ⎮D) =

Pr(D⎮T, τ, θ) × Pr(T, τ, θ)
,
Pr(D)

which states the posterior probability of the tree
T, with branch lengths τ, and model parameters θ,
given the data D, is equal to the likelihood (the
probability of the data given the tree, branch
lengths, and model parameters) multiplied by the
prior probability of the tree with branch lengths
and model parameters divided by the unconditional
probability of the data. BI has an advantage in the
straightforward interpretation of the PP as the
probability that the tree is correct.
The PP of the data can be difficult to estimate.
BI approximates the PP of phylogenies by sampling
trees from the PP distribution using an iterative
search strategy known as the Markov chain Monte
Carlo (MCMC). This method starts with an initial
tree, either random or specified, with accompanying
branch lengths and model parameters. A new tree is
proposed and accepted with a probability proportional to its likelihood. This is repeated thousands,
even millions of times. The PP of a tree is approximated by the proportion of times that tree is sampled
during the MCMC search. Typically, there is a
burn-in phase of the MCMC process in which the
search wades through suboptimal trees. After this
phase, MCMC is said to converge on a set of optimal trees. The Bayesian estimate of the phylogenetic

tree is often the topology that maximizes the PP.
A variant of MCMC called Metropolis-coupled
Markov chain Monte Carlo (MCMCMC) allows a
greater searching of the PP distribution by escaping
local optima. One problem with these search strategies is knowing when the process has converged
onto a set of probable trees. It is not known whether
a longer analysis time would have converged on a
new PP distribution. In addition, MCMC requires
the assumption of independence among search
samples, a highly violated foundation. The nuances
of searching strategies will be discussed in detail
later.
MrBayes 3 (Ronquist & Huelsenbeck 2003)
provides an incredible tool for analyzing heterogeneous data sets under BI. Most researchers incorporate data sets from various partitions into a single
analysis—mitochondrial, nuclear, chloroplast, and
morphological data, for example. Data from differing partitions may be evolving under completely
different evolutionary models. The MrBayes 3
program allows the data partitions to be simultaneously analyzed under varied evolutionary models,
providing a powerful tool for phylogenetic inference. Although somewhat faster than maximum
likelihood, BI is still computationally intensive.

SEARCHING THE TREE SPACE
The next step in phylogenetic analysis is to search
the tree space, an area defined by all possible tree
topologies. The tree space is analogous to a threedimensional landscape with peaks representing local
optima. Tree plateaus or islands exist that contain
numerous trees of similar class. These islands may
represent different sets of locally most parsimonious trees (Maddison 1991). The globally optimal
tree, or best tree, is located at the top of the highest
peak in the tree landscape. The ultimate goal is to
find the best tree defined by an optimized tree
statistic, the tree with the highest likelihood for
example. Several search methods exist, depending
on the size and complexity of the tree space.

Exact Searches
Ideally, every tree in the tree space should be
examined. An exhaustive search does just that.
Unfortunately, this method becomes computationally untenable when dealing with more than about
12 taxa due to the exponential growth of possible
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trees upon addition of taxa. The branch and bound
technique reduces computation time somewhat, but
still guarantees the optimal tree (Hendy & Penny
1982). This method creates an upper bound optimality score based on a reasonable phylogenetic
hypothesis (e.g., UPGMA). As trees are created,
scores are estimated for each taxon addition. If a
subtree, one without all the taxa added, has an
optimality score worse than the upper bound, it is
immediately discarded. For trees with scores better
than the upper bound, an exhaustive search is instituted. However, this method is still unfeasible for
data sets above 20 taxa. For problems involving
larger data sets, heuristic methods must be used.

Heuristic Searches
Heuristic “hill-climbing” techniques search the tree
space by trial and error and are thus faster than
exhaustive methods, but do not guarantee that the
optimal tree has been found. Because multiple
islands of locally optimal trees exist, the best heuristic method repeatedly searches the tree landscape
with a randomly selected tree topology in an effort
to escape local optima and find the globally optimal tree. Heuristic searches may endeavor to find
the best tree by swapping branches on an initial
tree topology. Three types of rearrangement strategies are employed: nearest neighbor interchange
(NNI), in which interior tree branches are
exchanged; subtree pruning and regrafting (SPR),
where a sister group is pruned off and grafted elsewhere on the tree; and tree bisection and reconnection (TBR), in which an internal branch is split and
the subtrees grafted in a different place. TBR branch
swapping is the most thorough and is typically used
in standard heuristic searches (Page 1993b).
The most computationally expensive process of
phylogenetic analysis is searching for the optimal
tree. Various algorithms and computational methods have been formulated in an effort to decrease
the computational time while increasing the accuracy of tree searching methods. Several different
algorithms used within different optimality criteria
now allow quicker, more thorough searching of the
tree space. The neighbor-joining method (NJ) is
often used as the starting point for heuristic algorithmic searches. It is a fast method for determining
a starting tree to be improved upon by other criteria. The beam-bootstrap algorithm (BB) builds
on the NJ algorithm by widening the search space.
An initial NJ tree is used for a bootstrap analysis.
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In the search process, the putative pair to be added
is analyzed in terms of its bootstrap score: the
percentage of times the pair shows up within a
certain number of resampled replicates. If the score
is 95% or higher, the pair is accepted and the search
strategy proceeds to the next node. If not, several
topologies corresponding to the higher bootstrap
values are saved and evaluated. The BB algorithm
is computationally fast and allows the search path
to examine wrong paths which may allow movement between local optima or tree islands, thus
widening the search path (Rodin & Li 2000).
The parsimony ratchet is an iterative search
algorithm that cuts down search time using a few
different strategies (Nixon 1999). The algorithm
starts by finding a local optimum using random
addition with TBR swapping. A subset of the characters are then perturbed through reweighting and
used for a second TBR branch swapping event on
the first local optimum until a new optimal tree
is found. Finally, the characters are reset to their
original weight and TBR branch-swapped on the
second optimal tree until a third and final optimum
is found. This round of optimization events is
performed between 50 and 200 times, expanding
the tree space searched. In addition, Vos (2003) has
modified the parsimony ratchet algorithm for use
in maximum likelihood, significantly decreasing
the time required to find optimal topologies.
Heuristic algorithms built on the idea of grafting
also aid in tree searching. Both tree fusing (TF) and
tree drifting (DFT) search for the optimal topology
by exchanging subgroups on a tree. In TF, the
subgroups must be composed of the same taxa. All
possible exchanges between two trees are quickly
evaluated, optimizing each subgroup individually,
thereby determining the optimal topology. This
process is repeated several times, changing the initial
tree before each iteration. The DFT algorithm
allows suboptimal solutions to be accepted conditional upon the raw length and relative fit differences between the optimal and less optimal trees.
DFT differs from TF by swapping subgroups of
conflict between optimal and less optimal trees,
instead of areas of consensus. Both TF and DFT
dramatically reduce computation time while widening the area of the tree space searched (Goloboff
1999).
Within maximum likelihood, several divideand-conquer methods of heuristic searching have
been developed recently. Quartet puzzling allows a
comparatively fast heuristic tree searching method
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for large data sets. Instead of tackling n taxa as a
whole, quartet puzzling constructs all possible fourtaxon maximum likelihood trees. In the puzzling
step, the four-taxon subtrees are randomly combined
to create an overall n-taxon topology, one sequence
at a time. The puzzling process involves a voting
procedure in which a new sequence is placed in an
edge position according to scores in the four-taxon
subtrees. The puzzling procedure is repeated several
times, the resulting trees being summarized in a
majority rule consensus tree that includes a measure
of nodal support (Strimmer & von Haeseler 1996).
Some researchers claim that the use of quartets does
not completely represent the original data. This
method may also have difficulties when subtrees are
incongruent with each other, presenting conflicts
within the data. The disc-covering method does not
require all combined subtrees to be compatible,
allowing it deal with noise in the data. It also allows
the taxa to be partitioned into subtrees larger than
quartets. This method divides the taxa into subsets
according to a user-defined threshold value representing the allowable distance between taxa. Like
quartet puzzling, the subtrees are combined into a
consensus supertree (Huson et al. 1999). One flaw
exists: the disc-covering method is often unable to
determine any discs that will cover portions of the
tree when under clocklike conditions.

Stochastic Searches
Stochastic searches introduce a random element
into the search strategy, allowing a greater search
of the tree landscape. In terms of searching within
maximum likelihood, the simulated annealing
algorithm locally rearranges topologies, accepting
those that increase the likelihood score. The algorithm also accepts suboptimal topologies with a
probability proportional to the decrease in likelihood. The introduction of a less likely topology
allows the search to jump between local optima in
a more efficient manner than heuristic reiterations
used in hill-climbing techniques. This random reintroduction is accompanied by a decrease in computation time (Salter & Pearl 2001).
A new and promising method of searching the
tree space lies in genetic algorithms—algorithms that
use biological processes metaphorically to guide tree
searching. These algorithms simulate evolution to
guide the heuristic tree search. The genetic algorithm of Lewis (1998) allows “individuals” within
a “population” to evolve via “natural selection”

acting on variation contributed by “mutation” and
“recombination”. Individuals are defined by tree
topologies, branch lengths, and parameter values
specified within the model of evolution. Those individuals with greater fitness values, defined by its
log likelihood score, contribute more “offspring,”
or topologies, to the next generation of searching.
“Mutations” are simulated by randomly changing
one component that defines an individual.
“Recombination” occurs through branch swapping
between offspring and parent topologies. Each
generation consists of (1) evaluation of fitness; (2)
the ranking of individuals by fitness; (3) the most
fit individuals being allowed to leave k offspring in
the next generation with every one but the first
going through a round of mutation; and (4) recombination performed between offspring and parental
generations. This tree searching method is exceptionally fast and efficient. The metapopulation genetic
algorithm (metaGA) of Lemmon and Milinkovitch
(2002) expands on the genetic algorithm by creating parallel searches, several “populations,” that
interact to find the optimal tree, speeding up the
process even more. Using interpopulation consensus information, populations cooperate to find the
optimal solution. The authors have incorporated
metaGA into their computer program METAPIGA.
The random component introduced by mutation allows the genetic algorithms to escape local
optima, moving the search into the global landscape. However, the landscape is not guaranteed to
be exhaustively searched and the algorithm may
waste time by considering the same topology more
than once.

CONFIDENCE ASSESSMENT
Phylogenetic analysis endeavors to reconstruct
evolutionary relationships via an optimality criterion applied to data. Each node within a phylogeny
is a hypothesis unto itself, carrying potential information about evolutionary history. However, application to evolutionary history comes only with a
measure of support or confidence expressed for
each node of the phylogeny, providing strength for
each hypothesis. This can be done with the bootstrap or the jackknife using any optimality criterion,
Bremer support within parsimony, or posterior
probabilities under the Bayesian inference criteria.
It is essential to note that all of these methods
perform a confidence assessment of sorts in terms

16

0195168178_0426-0444_Fox-28.qxd

11/23/05

5:00 PM

Page 439

Theory of Phylogenetic Estimation
of the confidence in the estimated tree relative to
the data at hand. They say nothing about the confidence in the tree relative to the true underlying
evolutionary history.

The Bootstrap and the Jackknife
The bootstrap procedure was first applied to
phylogenies by Felsenstein (1985) and has become
the most widely used measure of support in phylogenetics. Bootstrapping produces a measure of
support by randomly resampling columns of the
original data matrix with replacement, building a
pseudoreplicate data set in which some characters
or nucleotide sites are represented multiple times or
not at all. This pseudoreplicate is then analyzed
using the same optimality criterion as the original
data set. The process is repeated between 100 and
1000 times, creating a distribution of trees. The
percentage of replicates in which a particular node
or grouping exists becomes an estimate of how
strongly the data support that group, called bootstrap proportions (BPs).
BPs can estimate relative support of groups based
on any method of analysis or optimality criterion.
However, this very advantage can also be disadvantageous in the light of computation time. If using
neighbor-joining methods, bootstrapping can be a
fast, effective method of support analysis. When
using a criterion such as maximum likelihood,
however, 1000 iterations can become overwhelming computationally. Some studies suggest that BPs
are overly conservative, purporting a value of 70%
to be roughly equal to a support measure of 95%
(Hillis & Bull 1993). High BPs can give a good
indication of strong phylogenetic signal, provided
there is no evidence for misleading signals within the
data. Low BPs do not necessarily mean false hypothetical relationships, just poorly supported ones.
The bootstrap method is not without opposition. Objections to the use of the bootstrap within
phylogenetics involve sampling issues and statistical inference. The bootstrap method assumes that
characters within a data set must be identically and
independently distributed, an assumption that
some say is unrealistic. Others have combated this
objection with the theory that random sampling
will create those very conditions. Statistical objections include the application of probabilistic models
to phylogenetics, claiming that a phylogeny is a
single historical event and that probability cannot
be applied to a single trial. Answers to this objection
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include the view that phylogenetics is a sampling
problem including parameter values and character
choice, two situations in which probability can be
applied (Sanderson 1995).
Jackknifing differs from bootstrapping only in
the character resampling scheme; a proportion of
the columns in the original data set are selected and
deleted, instead of resampled with replacement.
For example, deleting 50% of the data columns is
known as the delete-half jackknife. Each pseudoreplicate is analyzed and the results are interpreted in
the same manner as the bootstrap. Jackknifing and
bootstrapping tend to produce comparable results.

Bremer Support
In parsimony, the length difference between the
shortest consensus tree containing a clade and the
shortest consensus tree without the clade is known
as the decay index or Bremer support (Bremer
1988). This provides a measure of support for that
clade. Total support for the tree is calculated by
summing all clade decay indices. Unlike BPs, Bremer
support is not scaled and is therefore much more
difficult to interpret and offers no statistical power.
Because this value is based on tree length, it is
restricted to the parsimony criterion. Finally, because
tree length changes with the number of characters
and taxa, Bremer support values are not comparable across different data sets.

Posterior Probability
Posterior probabilities (PP) assess confidence
within Bayesian inference. The PP builds on prior
probabilities, which reflect the researcher’s knowledge of the scientist about the hypothesis before the
data are seen. The PP is proportional to the prior
probability multiplied by the likelihood of the data.
Most researchers will use a flat prior, allowing the
likelihood of the data to control the PP. The direct
interpretation of the PP as the probability of monophyly and the faster computation of support relative to BPs make this method appealing.

Method Comparisons
There is controversy concerning the applicability
and relationship between PPs and BPs. Several
empirical and simulation studies have found that
PPs and BPs are not equivalent. Alfaro et al. (2003)
suggest that PPs are less likely to reject a true
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monophyletic grouping, have greater sensitivity to
phylogenetic signal, and estimate accuracy better
than BPs. Other studies purport that PPs are excessively high and may strongly support false phylogenetic hypotheses, suggesting the conservative
nature of BPs to be preferable to the overestimation
of PPs (Douady et al. 2003).

HYPOTHESIS TESTING IN A
PHYLOGENETIC FRAMEWORK
A phylogenetic hypothesis suggested by the analysis
of one data set will often conflict with the topology
determined by a different data set. Statistical methods have been formulated to test whether the
topologies of two trees are significantly different
and which better fits the data. In testing tree topologies, two scenarios exist: a priori and a posteriori
hypothesis testing. A priori testing involves pitting
two alternative topological hypotheses defined
before phylogeny estimation against one another.
For example, say we have two hypothetical sister
taxa to birds: bats and reptiles. To test the a priori
hypotheses ((bird, reptile) bat) versus ((bird, bat)
reptile) we obtain molecular data and fit the data
to the phylogenetic hypotheses, enabling the determination of the sister group that best fits the data.
A posteriori hypothesis testing involves testing the
best estimate of phylogeny against alternatives (be
they defined a priori or a posteriori); one example
is testing the trees with the highest and next highest likelihoods. Several tests for each situation will
be discussed.

Tests Within the Parsimony
Framework
Hypothesis tests have been formulated within the
parsimony framework that test a priori hypotheses:
the Templeton test (Templeton 1983), the winning
sites test (Prager & Wilson 1988), and the
Kishino–Hasegawa test modified for use with
parsimony (KH; Kishino & Hasegawa 1989). All
of these approaches test the null hypothesis of no
significant difference in the number of character
differences between tree A and tree B. The winning
sites test assumes that each character is equally
likely to support either tree. This simple signed test
sums the number of differences supporting one tree
over the other and uses a binomial distribution to
determine the probability of observing the difference

in the number of winning sites. The Templeton test
is similar to the winning sites test but differs by
taking into account the magnitude of differences in
the supporting characters for each tree; it is a
nonparametric Wilcoxon Signed Ranks Test of the
differences of character fit to the trees. The KH test
is a parametric test that uses a t-test to compare the
difference in steps between the two trees with a
normal distribution. If the difference in steps is
significantly different from zero, the null hypothesis (that the trees are the same) is rejected and the
suboptimal tree can be declared worse than the
optimal tree.

Tests Within Maximum Likelihood
The KH test was originally formulated to test the
difference between log-likelihoods of two trees using
a t-test. It compares both topology and branch
length and is one of the most widely used tests of
phylogenetic hypotheses. As mentioned above, this
test is for a priori hypotheses. Many studies have
used the KH test erroneously by applying it to a
posteriori hypotheses, which dramatically violates
the underlying assumptions of the test (Goldman
et al. 2000). The Shimodaira and Hasegawa (1999)
test (SH) is similar to the HK, but is applicable to
both a priori and a posteriori situations and allows
the comparing of several topologies. Shimodaira
recognized a tendency of the SH test to be somewhat conservative and to be less accurate when
comparing large numbers of trees. The weighted
Shimodaira test (WSH) is more suited to comparing larger groups of trees. To overcome the biased
nature of the KH test and the problems with the SH
test, Shimodaira developed the approximately
unbiased test (AU), which uses a multiscale bootstrap technique and can accommodate large
numbers of candidate trees (Shimodaira 2002).
The Swofford–Olsen–Waddell–Hillis (SOWH)
test is a parametric maximum likelihood test applicable to a posteriori hypothesis comparisons.
Parametric tests differ from nonparametric tests by
simulating replicate data sets according to parameter values estimated from the original data set;
analysis of the replicate data sets is according to
specified model (Goldman et al. 2000). Because
parametric tests allow the use of complex and
specific models, they may provide more power and
be less prone to type 1 error than nonparametric
tests. Many real data sets, however, do not conform
to the underlying assumptions of complex models,
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making the SOWH less applicable. Likelihood ratio
tests also provide a simple form of testing both a
posteriori and a priori hypotheses (Huelsenbeck &
Bull 1996).
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the likelihood scores obtained if the same phylogeny
resulted under all data sets versus if different phylogenies were allowed (Huelsenbeck & Bull 1996).

CASE STUDY
COMBINING DATA
In reconstructing phylogenies, most researchers
have access to more than one kind of data set—a
morphological and molecular data set, or two or
more genes from different partitions. The use of
multiple data sets with different underlying evolutionary models requires special attention in phylogenetic analysis, as the hypothesis from each data
set may differ from each other as well as from the
combined analysis.
The issue of combining data sets is a hot topic
in phylogenetics; various perspectives exist. The
“total evidence” approach argues that data should
always be combined into a single analysis to maximize explanatory power, and that the combined
analysis results make individual results irrelevant.
Opponents of the “total evidence” approach claim
that combining the data masks information held
within individual data sets, including the need for
different evolutionary models. Thus, the method of
analysis for one data set may not be the best for
another. Some proponents of individual analyses
prefer to summarize results from each data set
using consensus trees, finding confidence in those
nodes found in each of the different hypotheses.
Others prefer to use conditional combination in
which data sets are analyzed individually and
compared for incongruence between resulting
hypotheses using various statistical tests. If incongruence is low, the data sets may be combined for
a total evidence hypothesis (Huelsenbeck et al.
1996). Some statistical tests for incongruence within
parsimony include the Templeton test discussed
above, and the incongruence length difference (ILD)
test, also known as the partition homogeneity test
(Farris et al. 1994). The ILD test looks at the difference between the number of steps required for the
individual versus combined analyses. This test,
however, has been criticized as weak. Simulation
tests have shown that the ILD test lacks power to
detect incongruence when caused by differing
topologies, small number of informative sites, and
large heterogeneity of among-site substitution rates
(Darlu & Lecointre 2002). Within maximum likelihood, the likelihood heterogeneity test compares
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The Origin of the Freshwater
Crayfish
This case study is based on Crandall et al. (2000a)

Objective
(1) To investigate the origin of freshwater crayfish; (2) to test hypotheses of crayfish monophyly
versus inclusion of the Nephropoidae between the
Northern and Southern Hemisphere crayfish.

Sampling
Infraorder Astacidea includes three superfamilies: Astacoidae (Northern Hemisphere), with two
families Cambaridae and Astacidae; Nephropoidea
(clawed lobsters); Parastacoidae (Southern
Hemisphere). DNA was extracted and amplified
for 18S, 28S and 16S mitochondrial DNA genes via
polymerase chain reaction and subsequently
sequenced.

Phylogeny Reconstruction
Sequences were aligned using ClustalX and
edited by eye; phylogenetic analysis was carried out
using PAUP*; the model of evolution was determined using Modeltest; a starting tree was obtained
via neighbor joining; the tree was rooted using the
outgroup method; maximum likelihood and maximum parsimony optimality criteria were used;
heuristic tree searches were done using random
sequence addition; confidence assessment was
carried out via 1000 bootstrap replicates; and a
partition homogeneity test was conducted on three
separate data sets to assess combinability.

Results
The partition homogeneity test found no significant heterogeneity among the three gene partitions,
justifying a combined analysis (P = 0.618). Modeltest
showed the transversion model of evolution with a
gamma-distributed rate heterogeneity model and
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an estimated proportion of invariable sites to be the
best model for the combined data. A 10-replicate
heuristic search using random sequence addition
under the above model found one maximum likelihood tree with a score of −ln 11,820.57, shown in
Figure 28.5.

Discussion
The combined analysis strongly supports monophyly of freshwater crayfish with Nephropoidae
as outgroup. Astacidae and Cambaridae grouped
with 100% bootstrap support. Parastacidae is
monophyletic. However, the position of the genus

Cambaroides as sister to Pacifastacus, an Astacidae
member, inhibits monophyly of both the Astacidae
and Cambaridae families. The monophyly of freshwater crayfish and the geographical distribution
suggests that crayfish originated in Pangaea by the
Triassic period. Pangaea’s split into Laurasia and
Gondwana fits with the hypothesis. In the application of phylogenetics to geographical history, the
phylogeography of the Southern Hemisphere crayfish found in South America, Madagascar, Australia
and fossils in Antarctica follow the pattern of
Abelisauridae, a predatory dinosaur group, providing further evidence for the hypothesis of contact
between these land masses via Antarctica.

28.5. Maximum likelihood tree for the phylogeny of freshwater
crayfish. Bootstrap scores are shown for maximum likelihood (italics)
and maximum parsimony (bold) based on 1000 bootstrap replicates.

FIGURE
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PHYLOGENETIC SOFTWARE
All the above tests except WSH, AU and SOWH
can be implemented in PAUP* 4.0 (Swofford
2002). The AU test and WSH can be applied using
the computer program CONSEL downloadable
from http://www.is.titech.ac.jp/~shimo/prog/consel/
index.html (Shimodaira & Hasegawa 2001).
SOWH can be obtained from the authors at
http://www.ebi.ac.uk/goldman/tests/index.html.
Felsenstein keeps a website that lists most of the
currently available software packages for phylogenetic inference (freeware, shareware, and commercial
packages) at: http://evolution.genetics.washington.
edu/phylip/software.html

SUGGESTIONS FOR FURTHER
READING
The best text on phylogeny reconstruction is
the recent book by Felsenstein called Inferring
Phylogenies (Felsenstein 2003). It is without parallel
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in terms of depth and completeness of coverage.
An easier introduction to phylogenetics including
programs and techniques is Barry Hall’s book
Phylogenetic Trees Made Easy: A How To Manual
(Hall 2004). For the more adventuresome and
mathematically inclined, Phylogenetics offers a
mathematically rigorous treatment of phylogeny
reconstruction (Semple & Steel 2003).
Felsenstein J 2003 Inferring Phylogenies. Sinauer
Assoc.
Hall BG 2004 Phylogenetic Trees Made Easy:
A How To Manual. Sinauer Assoc.
Semple C & M Steel 2003 Phylogenetics. Oxford
Univ. Press.
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GLOSSARY

ad hoc hypothesis a hypothesis created in order preserve a failed theory by explaining
contradictory evidence after the fact
Bayesian inference a method of phylogenetic analysis that incorporates prior
knowledge into the posterior probability which summarizes the probability that the
hypothesis is true given the data
chi-square distribution the sampling distribution of the chi-square statistic involving a
family of curves the shape of which depends of degrees of freedom
consensus tree a tree that summarizes the information in a set of trees with all the same
tips
guide tree a tree that summarizes the order in which sequences are to be aligned
homology similarity due to common ancestry
homoplasy similarity not due to common ancestry but to convergence, parallelism, or
horizontal gene transfer
incomplete lineage sorting presence of polymorphism within an ancestral population
transmitted through descendant lineages to the effect of misconstruing phylogenetic
relationships
long-branch attraction the phenomenon within maximum parsimony in which long
branches tend to group together regardless of evolutionary relations
maximum likelihood a method of phylogenetic analysis that determines the best
phylogeny by optimizing the likelihood of observing the data given a tree and model of
nucleotide substitution
maximum parsimony a method of phylogenetic analysis that determines the best
tree(s) by optimizing, or rather minimizing, the number of evolutionary changes within
the data
minimum evolution a method of phylogenetic analysis that optimizes, or rather
minimizes, the branch lengths within the tree to determine the best phylogeny
model of nucletoide evolution a model that attempts to represent the underlying
processes of nucleotide substitution
optimality criteria tree building methods that use a criterion to apply a score to each
topology in an effort to determine which topology best represents the evolutionary
relationships within the data
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phylogeny a graphical representation of the evolutionary relationships between a group
of organisms illustrating ancestor to descendant lineages
speciation a process whereby one species evolves into a different species (anagenesis)
or one species diverges into two or more descendent species (cladogenesis)
supertree a large tree constructed by combining several smaller trees or subtrees using
consensus methods
synapomorphy a shared derived trait
topology branching pattern of a phylogenetic tree
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Phylogenetics, Biogeography, and Endemism of Tribe Psoraleeae (Leguminosae)
with an Emphasis on North American Taxa
Ashley N. Egan and Keith A. Crandall

Abstract:
The Psoraleeae tribe (Leguminosae) has two centers of diversity: South Africa and
North America. The North American group has a high percentage of species endemic to
small geographic areas, resulting in many listed as threatened or endangered. Here we
investigate the correlation between endemism and biogeography within a phylogenetic
framework. We used maximum parsimony, maximum likelihood, and Bayesian
Inference to investigate phylogenetic relationships within tribe Psoraleeae with an
emphasis on North American taxa based on two nuclear (ITS, and Waxy) and six
chloroplast (trnS/G, trnL/F, trnK, matK, trnD/T, and rpoB-trnC) DNA regions. Our
comprehensive analysis of the impact of gap character incorporation spanned four
different indel coding schemes across two optimality criteria. Our results suggest that
gaps can provide a substantial percentage of informative characters and can increase
phylogenetic resolution and nodal branch support. Phylogenetic signal within indels was
higher in chloroplast regions relative to nuclear regions, demonstrating their inclusion as
especially important in chloroplast based phylogenetic studies. Phylogenetic analysis of
generic relationships within Psoraleeae is largely congruent with that proposed by
Grimes (1990) with a few exceptions. New World species are supported as
monophyletic. Our analyses suggest the following: Otholobium may need to be split into
two genera by geography; some Psoralidium species may be of hybrid origin and require
taxonomic rearrangement to Pediomelum; and Grimes’ subgenus Leucocraspedon be
raised to generic status. Analysis of endemism within the context of geography
suggests a strong correlation between range size, as a measure of endemism, and
latitude, longitude, and elevation.
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1. Introduction
Historically, several North American species of the Psoraleeae tribe (Leguminosae:
Papilionoideae) were essential economically. For example, Pediomelum esculentum,
Indian breadroot, was one of the most important sources of food and commerce among
Native American tribes of the Great Plains (Lewis, Clark et al. 2003). Today, many
Psoraleeae species are threatened due to habitat loss and low population density in
conjunction with narrow range distributions. The North American group, hereafter known
as NAm Psoraleeae, has 27 of 47 endemic taxa highly limited in distributional range,
with several species listed as rare, threatened or endangered (Walter and Gillett 1998).
One hypothesis concerning range size and endemism is Rapoport’s rule, which states
that species at increasing latitudes tend to have larger distributions (Rapoport 1982).
Adherence to this ‘rule’ is split, with many studies supporting (e.g. Fernandez and Vrba
2005) or refuting it (e.g. Hawkins and Diniz-Filho 2006). Biological reasoning behind this
hypothesis involves the influence of seasonal climate changes at higher latitudes
(Stevens 1989). North American Psoraleeae provides a good study system in which to
test this hypothesis within a phylogenetic context due to differing levels of endemism and
range size across varying latitudes within North America.
The circumscription of Psoraleeae has experienced an unstable taxonomic history.
Rydberg (1919; 1928) challenged Bentham’s (1865) classification of the group as a
subtribe of Galegeae by raising it to tribal rank. Barneby (1977) proposed recognition of
tribes Amorpheae and a highly reduced Psoraleeae corresponding to Psoralea sensu
Bentham based on branching patterns and inflorescence position. Rydberg recognized
that Psoralea sensu Bentham, now known as the tribe Psoraleeae, could be divided into
natural groups, segregating New World members into five native and three introduced
genera based on leaf and fruit characters (1919, 1928). Subsequent floristic and
revisionary works largely rejected Rydberg’s classification, however (Ockendon 1965;
Stirton 1981). Grimes (1990) treated New World species of Psoraleeae using a
phylogenetic approach based on 20 morphological characters, outlining a North
American group containing five monophyletic genera: Hoita, Orbexilum, Pediomelum,
Psoralidium, and Rupertia, in addition to Otholobium in South America. He also
recognized four Old World genera: Cullen, Bituminaria, Psoralea, and Otholobium, the
latter of which spans the Old and New Worlds.
Grimes (1990) and Rydberg (1928) proposed evolutionary relationships within
Psoraleeae based on morphology (Figure 1). Their hypotheses differ mainly in the
position of Orbexilum and the sister relationships surrounding Pediomelum. To better
understand the taxonomy and endemic status of Psoraleeae species, we estimated
phylogenetic relationships within Psoraleeae using DNA sequences from two nuclear
and six chloroplast regions.
In the present phylogenetic study, our aims include the following: 1) to infer
molecular phylogenetic relationships within Psoraleeae with an emphasis on North
American taxa and generic relationships; 2) to test the proposed evolutionary
hypotheses of Rydberg (1928) and Grimes (1990); 3) to test the hypothesis of
monophyly of North American Psoraleeae; 4) to assess the impact and utility of
incorporating indels as phylogenetic characters; and 5) to investigate endemism in the
context of phylogeny and biogeography. In addition to providing support for taxonomic
classification of Psoraleeae, a robust phylogeny will allow the study of endemism from
historical and geographical perspectives.
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A

Psoralea
Hoita
Psoralidium
Asphalthium
Pediomelum
Rhytidomene
Orbexilum

B

Otholobium
Psoralea
Hoita
Orbexilum
Psoralidium
Rupertia
Pediomelum
Cullen
Bituminaria

Figure 1: A priori hypotheses of Psoraleeae generic relationships. A) Rydberg (1928). Hoita sensu Rydberg includes
Grimes’ Hoita, Otholobium, and Rupertia; Rydberg’s Asphalthium compares to Grimes’ Bituminaria; Rydberg’s
Rhytidomene equals Grimes’ Orbexilum lupinellus; Cullen is not included. B) Grimes (1990).

2. Materials and Methods
2.1. Taxon Sampling
This study includes extensive sampling of NAm Psoraleeae, with only four of 47
recognized NAm Psoraleeae taxa excluded: Hoita strobilina, endemic to Monterrey
County, CA is critically endangered; Orbexilum macrophyllum, endemic to a single site in
North Carolina is presumed extinct; Orbexilum stipulatum, once endemic to Rock Island,
Kentucky, at Falls of the Ohio River, is presumed extinct as the Island was destroyed for
the construction of a Dam; and Pediomelum latestipulatum var. latestipulatum which we
were unable to collect. Where possible, multiple populations of each species were
collected. Voucher specimens for each population are housed at Brigham Young
University’s Herbarium (BRY). Leaf samples from 1-10 individuals from 1-5 populations
were dried in silica gel for DNA extraction. Representatives of Cullen, Otholobium, and
Bituminaria are included to investigate generic level relationships across the tribe. DNA
for these genera was obtained with permission from herbarium specimens (Table 1).
Outgroup taxa were chosen based on a recent Legume family phylogeny based on matK
chloroplast DNA sequences (Wojciechowski, Lavin et al. 2004) that show Glycine as the
putative sister of Psoraleeae. DNA of Glycine max cv. Essex, G. microphylla, and G.
clandestina was generously provided by J.J. Doyle for outgroups. Two other members
of the Milletioid clade to which Psoraleeae belongs were also included as outgroups:
Desmodium floridanum and Abrus precatorius, the latter of which acts as the ultimate
outgroup (Wojciechowski, Lavin et al. 2004). The current study includes 48 ingroup taxa
plus six outgroup taxa, constituting a set of 54 species, each species represented once,
for which a complete collection of all DNA regions exists. A second dataset containing
99 operational taxonomic units (OTUs) was also constructed in which multiple
individuals per species are incorporated, but which lack complete DNA sampling. This
dataset, having 10 outgroup taxa and 89 ingroup accessions, was included to allow the
testing of species monophyly and the inclusion of some Psoraleeae species for which a
complete DNA sampling was not possible.
2.2 Molecular Methods
Total genomic DNA was extracted using a modified CTAB method (Doyle and Doyle
1987) from silica dried leaf material. The polymerase chain reaction (PCR) was used to
amplify the ITS & waxy nuclear regions and the trnK/matK, trnS/G, trnL/F, trnD/T, and
RpoB-trnC chloroplast regions and visualized on a 1% agarose gel with ethidium
bromide or SYBR green. Successful PCR products were purified via a Millipore SEQ
clean up plate and sequenced using an ABI Big-Dye Ready Reaction kit with an ABI
3730xl DNA Analyzer 96 capillary automated sequencer. Accuracy of sequences was
enhanced via negative controls in PCR reactions, complementary strands sequenced,
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Table 1: Sample collection information. * species included in the 54 taxon dataset. Sample refers to DNA accession
number. Museum specimen is voucher data.
GENUS
SPECIES
SAMPLE MUSEUM SPECIMEN
Distribution
Bituminaria
bituminosa*
ae91
Hobbs 1 (TEX)
Mediterranean
Cullen
americanum
ae128
Herbario Macb 62476
Africa, Europe
australasicum*
ae92
Grimes 3188 (TEX)
Australia
cinereum
ae108
Henry 264 (TEX)
Western Australia
discolor*
ae93
Grimes 3213 (TEX)
Australia
tenax*
ae94
Grimes 3159 (TEX)
Australia
Hoita
macrostachya
ae135
Egan & Egan 276 (BRY)
California
macrostachya*
ae139
Egan & Egan 271 (BRY)
orbicularis
ae147
no voucher
California
orbicularis
ae89
Egan & Egan 269 (BRY)
orbicularis*
ae148
Egan & Egan 279 (BRY)
Orbexilum
lupinellus
ae81
no voucher
SE US
lupinellus*
ae137
Egan & Egan 257 (BRY)
melanocarpum
ae129
Grimes 2287 (TEX)
Mexico
melanocarpum*
ae103
Feliciano et al 153 (TEX)
onobrychis
ae104
Raven & Raven 27603 (TEX) N Midwest US
onobrychis
ae130
Raven 27197 (TEX)
onobrychis*
ae48
McCoy 16 July 1935 (UT)
pedunculatum var. gracile*
ae134
Egan & Egan 240 (BRY)
SE into Midwest US
pedunculatum var. pedunculatum*
ae85
no voucher
SE into Midwest US
simplex
ae102
Thomas 65475 (TEX)
S Central US
simplex*
ae49
Thomas & Pias 58668 (UT)
virgatum
ae136
Egan & Egan 251 (BRY)
NE Florida
virgatum*
ae110
Egan & Egan 253 (BRY)
Otholobium
brachystachyum
ae96
Grimes 2513 (TEX)
Ecuador
bracteolatum
ae95
Germ 4211 (TEX)
S Africa
mexicanum
ae98
Jorgenson 92018 (TEX)
NW South America
striatum*
ae131
Fellingham 37036 (TEX)
S Africa
swartbergense
ae101
Taylor 8286 (TEX)
South Africa
Pediomelum
argophyllum
ae127
McNeilus 00-972 (TEX)
Midwest US
argophyllum
ae47
Jones 11 July 1973 (UT)
argophyllum*
ae73
Egan & Egan 213 (BRY)
aromaticum var. aromaticum
ae113
Egan & Egan 151 (BRY)
E Central Utah
aromaticum var. aromaticum*
ae55
Egan & Egan 149 (BRY)
aromaticum var. barnebyi*
ae74
Egan & Egan 143 (BRY)
Kane Co., Utah
aromaticum var. tuhyi*
ae75
Egan & Egan 157 (BRY)
Moab Co., Utah
californicum*
ae56
Egan & Egan 119 (BRY)
California
canescens
ae143
Egan & Egan 265 (BRY)
SE United States
canescens*
ae82
Egan & Egan 250 (BRY)
castoreum*
ae57
Egan & Egan 125 (BRY)
Virgin River, AZ, NV, CA
cuspidatum
ae120
Egan & Egan 193 (BRY)
Texas into S Midwest US
cuspidatum*
ae54
Egan & Egan 207 (BRY)
cyphocalyx
ae121
Egan & Egan 201 (BRY)
Central Texas
cyphocalyx
ae123
Egan & Egan 184 (BRY)
cyphocalyx*
ae51
Egan & Egan 181 (BRY)
digitatum*
ae58
Egan & Egan 190 (BRY)
Texas into S Midwest US
esculentum
ae59
Egan & Egan 216 (BRY)
Midwest US
esculentum*
ae107
Zanewich 3 (TEX)
humile*
ae90
no voucher
Val Verde Co., Texas
hypogaeum var. hypogaeum*
ae60
Egan & Egan 209 (BRY)
Texas into S Midwest US
hypogaeum var. scaposum*
ae116
Egan & Egan 185 (BRY)
Central Texas
hypogaeum var. scaposum
ae115
Egan & Egan 191 (BRY)
hypogaeum var. scaposum
ae68
Egan & Egan 196 (BRY)
hypogaeum var. subulatum*
ae78
Egan & Egan 190a (BRY)
Eastern Texas
latestipulatum var. appressum*
ae61
Egan & Egan 186 (BRY)
Edwards Plateau, Texas
linearifolium*
ae53
Egan & Egan 206 (BRY)
Texas into S Midwest US

(continued on next page)
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Table 1. Continued.
GENUS
SPECIES
megalanthum var. megalanthum
megalanthum var. megalanthum*
megalanthum var. epipsilum*
megalanthum var. retrorsum
megalanthum var. retrorsum*
mephiticum
mephiticum*
palmeri*
pariense
pariense*
pentaphyllum
pentaphyllum*
piedmontanum
piedmontanum
piedmontanum*
reverchonii
reverchonii*
rhombifolium
rhombifolium*
subacaule
subacaule
subacaule*
Psoralidium
junceum*
lanceolatum
lanceolatum*
tenuiflorum
tenuiflorum*
Rupertia
hallii
hallii*
physodes
physodes
physodes*
rigida*

Abrus
Apios
Cologania
Desmodium
Glycine

precatorius*
americana
pallida
floridanum*
canescens*
max cv. essex*
microphylla*
Amphicarpaea bracteata
Phaseolus
vulgaris*
Pueraria
lobata

SAMPLE
ae63
ae124
ae62
ae125
ae50
ae126
ae64
ae106
ae65
ae76
ae77
ae66
ae149
ae83
ae144
ae105
ae67
ae114
ae52
ae142
ae84
ae141
ae69
ae79
ae118
ae117
ae71
ae109
ae138
ae146
ae87
ae140
ae88

MUSEUM SPECIMEN
Egan & Egan 158 (BRY)
Egan & Egan 163 (BRY)
Egan & Egan 146 (BRY)
Egan & Egan 144 (BRY)
Egan & Egan 142 (BRY)
Egan & Egan 126 (BRY)
Egan & Egan 127 (BRY)
Grimes 2636 (TEX)
Egan & Egan 148 (BRY)
Egan & Egan 148 (BRY)
Egan & Egan 172 (BRY)
Egan & Egan 172 (BRY)
no voucher
Egan & Egan 262 (BRY)
Egan & Egan 263 (BRY)
Orzell 55552 (TEX)
Egan & Egan 200 (BRY)
Egan & Egan 179 (BRY)
Egan & Egan 187 (BRY)
Egan & Egan 218 (BRY)
Egan & Egan 230 (BRY)
Egan & Egan 221 (BRY)
Egan & Egan 164 (BRY)
Egan & Egan 153 (BRY)
Egan & Egan 150 (BRY)
Egan & Egan 192 (BRY)
Egan & Egan 194 (BRY)
Egan & Egan 278 (BRY)
Egan & Egan 277 (BRY)
Egan & Egan 270 (BRY)
Egan & Egan 275 (BRY)
Egan & Egan 273 (BRY)
Egan & Egan 268 (BRY)

ae321
ae320
ae322
ae80
jjd1120
jjd
jjd1272
ae326
ae324
ae325

Thorne et al 6791 (BRY)
R.D. Thomas 130655 (BRY)
L.C. Higgins 17919 (BRY)
no voucher

Distribution
Eastern Utah
Kane Co., Utah
NW Arizona, SE Nevada
Washington Co., Utah
Mexico
Kane Co., Utah
Cochise Co., Arizona
Fall Line of GA, SC

N Central Texas
Texas, Mexico
Cedar Glades of TN, GA

Kane/San Juan Co., Utah
W into Midwest US
Midwest into SW US
N California
West Coast US

Baja California

worldwide
United States
New Mexico
Florida
Australasia
Asia
Australasia
L.C. Anderson 20434 (BRY) United States
G.I. Baird 2461 (BRY)
worldwide
S. & G. Jones 3689 (BRY)
Asia, United States

and manual checks of the sequence against the original chromatograph data in
Sequencher 4.2 (Gene Codes Corp.). All sequences were deposited in GenBank. Two
isoforms of waxy have been found in Pisum sativum (pea) in Fabaceae (Denyer, Barber
et al. 1997). Taxa exhibiting multiple bands on an agarose gel or that did not sequence
cleanly included Orbexilum virgatum, O. lupinellus, Psoralidium junceum, Rupertia
physodes, Pediomelum subacaule, and all species of Glycine. Sequences for these
species for waxy were obtained by cloning and sequencing of PCR products using an
Invitrogen TOPO TA cloning kit followed by phylogenetic analysis to determine if
paralogy exists (Sanderson, Driskell et al. 2003).
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2.3 Molecular Markers
ITS (~800bp): The internal transcribed spacer region (ITS), comprising ITS 1, 5.8S
rDNA ribosomal subunit, and ITS 2, is the most widely used nuclear marker in plant
phylogenetics. This region is highly variable, well suited to species and generic level
phylogenetics, and has been informative in Legume systematics previously
(Wojciechowski, Sanderson et al. 1999; Lavin, Pennington et al. 2001; McMahon and
Hufford 2004). PCR used primers ITS 4 & ITS 5 (White, Bruns et al. 1990) under
conditions of 4 minutes at 94ºC, 35 cycles of 40 seconds at 94ºC, 50 seconds at 55ºC, 1
minute at 72ºC, and a terminal elongation of 7 minutes at 72ºC. Sequencing primers
included ITS 4 & 5 and internal primers ITS 2 & 3 where needed (Table 2).
Waxy (~1100 bp): The granule bound starch synthetase I (GBSSI), or waxy, is a
single-copy nuclear gene with 1 untranslated and 13 translated exons and
accompanying introns functioning in the amylose biosynthetic pathway. Low-copy
nuclear genes are used less in phylogenetics but exhibit a greater level of sequence
variation with respect to organellar DNA regions, thus providing greater phylogenetic
power (Small, Ryburn et al. 1998). Waxy has provided informative phylogenetic markers
in species-level and higher studies (Small 2004). Partial sequences amplified herein
include the 3’ end of the gene from exons 10 to 13 with introns. PCR used primers
GBSSI10F and GBSSI13R, courtesy of D. Tank and R. Olmstead, under conditions of 4
minutes at 94ºC, 35 cycles of 50 seconds at 94ºC, 1 minute at 53ºC, 1 minute at 72ºC
and a 7 minute terminal elongation at 72ºC. Primers for sequencing included the above
plus two internal primers designed for this study based on Psoraleeae sequences.
trnK/matK (~2800 bp): This chloroplast region includes the trnK intron which consists
of the matK protein coding region (~1550 bp) and two noncoding regions on either side
of matK (Johnson and Soltis 1995). matK is widely used in Legume systematics at
tribal, generic, and species levels (Lavin, Pennington et al. 2001; Wojciechowski, Lavin
et al. 2004). PCR and sequencing used the primers and conditions of Hu et al (2000)
with two additional internal sequencing primers created for Psoraleeae (Table 2).
trnL/F (~1200 bp): This non-coding chloroplast region includes the trnL intron, trnL 3’
exon, and trnL-trnF intergenic spacer and is informative in legume systematics (Miller,
Grimes et al. 2003). PCR conditions were as matK and used primers c & f of Taberlet et
al. (1991).
trnS/G (~1050 bp): This chloroplast intergenic spacer has proven useful at both intraand interspecific levels (Hamilton 1999; Perret, Chautems et al. 2003). PCR conditions
were the same as matK and used primers trnS & trnG of Hamilton (1999).
trnD/T (~1750 bp): This chloroplast region includes an intergenic spacer and the
small trnYGUA and trnEUUC genes. The DNA region has proven to be one of the fastest
evolving chloroplast genes investigated to date (Shaw, Lickey et al. 2005). While this
gene has not been used in Legume systematics, it has proven useful at the population,
species, and higher levels (Lu, Peng et al. 2001; Hahn 2002). We used primers
trnTDGUCF and trnTGGU (Demesure, Sodzi et al. 1995) to amplify the region and used
primers trnYGUA and trnEUUC for internal sequencing (Shaw, Lickey et al. 2005). PCR
conditions were as matK.
rpoB-trnC (~1600 bp): This chloroplast intergenic spacer has proven useful at both
intra- and interspecific levels (Ohsako and Ohnishi 2000) and thought to be one of the
most phylogenetically informative chloroplast regions (Shaw, Lickey et al. 2005). PCR
conditions were as matK with primers rpoB and trnCGCAR (Shaw, Lickey et al. 2005).
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Table 2: Primers used herein. F/R: forward and reverse, respectively. Mode refers to PCR amplification (P) and
sequencing (S).
Region
Name
F/R Sequence (5' to 3')
Mode Reference

ITS

Waxy

trnK/matK

trnL/F

trnS/G

trnD/T

rpoB-trnC

ITS 5

F

GGAAGTAAAAGTCGTAACAAGG

P,S

White, Bruns et al 1990

ITS 4

R

TCCTCCGCTTATTGATATGC

P,S

White, Bruns et al 1990

ITS 2

GCTGCGTTCTTCATCGATGC

S

White, Bruns et al 1990

ITS 3

GCATCGATGAAGAACGCAGC

S

White, Bruns et al 1990
courtesy Tank & Olmstead

GBSSI10F

F

ACTGCTGGNGCTGATTTTATG

P,S

GBSSI13R

R

GGAGTGGCRACGTTTTCCTT

P,S

courtesy Tank & Olmstead

waxy11pF

F

GATGTGAAGGCTATATCAAAGACTG

P,S

courtesy Tank & Olmstead

waxy11pR

R

GAGCCATGCAGTTCTTGATTATT

P,S

courtesy Tank & Olmstead

trnK1L

F

CTCAATGGTAGAGTACTCG

P,S

Hu et al 2000

trnK2R

R

AACTAGTCGGATGGAGTAG

P,S

Hu et al 2000

1932R

R

CAGACCGGCTTACTAATGGG

S

Hu et al 2000

1777R

R

CATTTGACTHCGTACCACTGAA

P,S

Hu et al 2000

1777L

F

TTCAGTGGTACGDAGTCAAATG

P,S

Hu et al 2000

685F

F

GTATCGCACTATGTATCATTTGA

P,S

Hu et al 2000

805Rc

R

ATAACCACAAGCTAGTCCATA

P,S

this study

1210F

F

CTATCCATCTGGAAATCTTGGTTC

S

this study

ucp-c

F

CGAAATCGGTAGACGCTACG

P,S

Taberlet et al 1991

trnF-r

R

ATTTGAACTGGTGACACGAG

P,S

Taberlet et al 1991

trnS-F

F

GCCGCTTTAGTCCACTCAGC

P,S

Hamilton 1999

trnG-R

R

GAACGAATCACACTTTTACCAC

P,S

Hamilton 1999

trnTGGU

F

ACCAATTGAACTACAATCCC

P,S

Demesure et al 1995

trnTDGUCF

R

CTACCACTGAGTTAAAAGGG

P,S

Demesure et al 1995

trnYGUA

F

CCGAGCTGGATTTGAACCA

S

Shaw et al 2005

trnEUUC

R

AGGACATCTCTCTTTCAAGGAG

S

Shaw et al 2005

trnCGCAR

F

CACCCRGATTYGAACTGGGG

P,S

Shaw et al 2005

rpoB

R

CKACAAAAYCCYTCRAATTG

P,S

Shaw et al 2005

2.4 Sequence Alignment, Data Sets, and Coding of Gaps
Each DNA region was aligned using MUSCLE (Edgar 2004) This program conducts
an iterative search of the alignment space and provides a more accurate alignment than
ClustalX (Thompson, Gibson et al. 1997; Edgar 2004). Obvious alignment errors were
edited by eye using SE-AL 2.0 (Rambaut 2002). To assess whether nuclear sequence
data were affected by recombination, thereby exhibiting multiple underlying histories, the
possibility of recombination was investigated using three methods to ensure accuracy
(Posada, Crandall et al. 2002) including GENECONV (Sawyer 1989), Bootscan
(Salminen, Carr et al. 1995), and MaxChi (Maynard Smith and Smith 1998; Posada and
Crandall 2001), all implemented in RDP2 (Martin, Williamson et al. 2005). Modeltest 3.7
(Posada and Crandall 1998) was used to estimate models of evolution for each data set
using the Akaike Information Criterion (Akaike 1973). Exons and introns of waxy were
analyzed separately to obtain fitting models for each, in addition to waxy as a whole.
Models of evolution were used to determine the number of substitution types and rate
heterogeneity in Bayesian analyses.
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For the 54 taxa data sets, phylogenetic analyses included each DNA region
individually and a series of combined data sets: all chloroplast DNA regions combined
(cpDNA), all nuclear regions combined (nrDNA), and all regions concatenated for a total
evidence data set (teDNA). It has been suggested that discordance between
phylogenetic hypotheses based on nuclear and chloroplast genomes may suggest
hybridization or introgression (Soltis and Kuzoff 1995). Partitioning the data into the
structure above thus enabled us to address the possibility of hybridization within NAm
Psoraleeae. The 99 OTU dataset was analyzed as total evidence only (99teDNA).
Combinability of DNA regions into combined data sets was ascertained following Wiens’
(1998) method of comparing clade support between individual data partitions.
Each aligned data set in this study proved to be length variable, imposing the need
for gaps in the alignment. These length mutations can provide phylogenetic signal.
Many phylogenetic studies, whether by choice or by method, essentially discard
phylogenetically informative sites by not including gaps. Yet studies have shown that
gaps can represent a considerable amount of phylogenetic signal within a DNA region,
can improve branch support, and can even change a topology (Simmons, Ochoterena et
al. 2001). The inclusion of gaps in chloroplast DNA phylogenetic studies has proven
useful from basal angiosperms (Graham, Reeves et al. 2000) to interspecific (Kelchner
2000) and intraspecific levels (Ingvarsson, Ribstein et al. 2003). Given the extent of
gaps within our data, we regard gaps as essential characters in our analyses and
include them herein.
Several methods exist for coding gaps as characters, including the treatment of each
indel as a simple binary character (Simmons and Ochoterena 2000) to methods that
treat overlapping indels as multistate characters (e.g. Bena, Prosper et al. 1998;
Simmons and Ochoterena 2000; Freudenstein and Chase 2001; Muller 2006).
Inclusion of gaps in phylogenetic analyses is limited by the optimality criterion used.
Maximum parsimony will allow a variety of methods for dealing with gaps, including
treating gaps as missing data, treating gaps as a 5th state, or including coded gaps as
binary or multistate characters, much the same way a morphological data matrix is
included. Bayesian analysis treats gaps as missing data, but can allow incorporation of
gaps coded as binary characters when using phylogenetic mixed models. Maximum
likelihood currently treats gaps only as missing data. We chose to code gaps using
simple indel coding (Simmons and Ochoterena) and modified complex indel coding
(mcic) with gaps longer than 50 bp coded as simple characters (Muller 2006). These
methods were chosen because they span the complexity of indel coding models that can
be automated. Gaps were coded according to these two schemes using SeqState
(Muller 2005).
2.5 Phylogenetic Analyses & Hypothesis Testing
PAUP*4.0b10 (Swofford 2002) was used to conduct maximum parsimony (MP)
analyses for each data set under four different gap schemes: gaps as missing, gaps as
5th state, sic, and mcic. MP employed heuristic searches with 1000 random addition
sequence replicates and TBR branch swapping, saving 100 trees per replicate. All most
parsimonious trees were summarized into a strict consensus tree. Nodal support was
evaluated using the bootstrap method (Felsenstein 1985) with 500 bootstrap replicates,
TBR branch swapping, and 10 random addition replicates, saving 100 trees for each
replicate. Mixed models under Bayesian Inference (BI) using MrBayes 3.1.2 (Ronquist
and Huelsenbeck 2003) were conducted for each data set with gaps treated as missing
and with sic gap coding. For combined data sets, analyses were conducted using four
schemes involving mixed models: one part without gaps, mixed DNA models without
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gaps, one part with gaps, and mixed DNA models with gaps. Models for DNA partitions
were calculated as above. All parameters were unlinked except branch lengths, allowing
optimization within data partition. All analyses started with a random starting tree. BI
runs consisted of four Markov chain Monte Carlo chains run for 5-20 million generations
with trees sampled every 1000th generation. The prior for each analysis was of equal
probability. An adequate burn-in phase for each analysis was assessed via likelihood
score stabilization as determined using the software Tracer (Rambaut and Drummond
2004). Remaining trees were summarized in a consensus tree with posterior
probabilities as nodal support. Different model analyses were compared using Bayes
Factors (Nylander, Ronquist et al. 2004). Maximum likelihood (ML) analyses were
computed for each data set using PHYML (Guindon and Gascuel 2003) with models
determined in Modeltest. Bootstrap analyses using 1000 replicates were done in
PHYML.
Different evolutionary hypotheses of relationships based on morphology have been
proposed for Psoraleeae by Rydberg (1928) and Grimes (Figure 1; 1990). These
hypotheses were tested against our molecular hypotheses using the phylogeny
estimated based on 54teDNA under the maximum likelihood framework using the
Shimodaira – Hasegawa (SH) test, a statistical test of topology congruence that allows
both a priori and a posteriori hypothesis testing (Shimodaira and Hasegawa 1999). We
employed a RELL distribution with 1000 replicates performed in PAUP*. The GTR+I+Γ
model of evolution was employed as suggested by Modeltest as the best-fit model.
2.6 Biogeography and Endemism
In testing Rapoport’s rule within NAm Psoraleeae, latitude or elevation can both act
as surrogates for seasonal climate change, as increasing latitude and elevation influence
temperature and seasonality. We employ comparative methods to test the hypothesis of
correlation between geography (mean latitude, longitude, and elevation) and range size,
as a measure of endemism. Published range maps determined from Herbarium
specimen localities for NAm Psoraleeae (Figure 2) were used to estimate the relative
mathematical area of range size for each species (Grimes 1990). This measure is an
overestimate of actual area of distribution and therefore presents a conservative
approach to the study of endemism. To account for non-independence of species, the
continuous traits of relative range size, the mean value of latitude, the mean value of
longitude, and elevation (Table 3) were analyzed using independent contrasts
(Felsenstein 1985) in the program COMPARE 4.6b (Martins 2004). The variables of
range size and mean elevation were log10-transformed to accommodate the assumption
of normality. To account for phylogenetic uncertainty, we used the set of eight most
parsimonious trees found for 54teDNA with simple indel coding. Standard errors cannot
be accounted for within independent contrasts and so were not used. Standardization of
the resulting contrasts was confirmed via scatterplots of absolute value of the contrasts
against standard deviation, the slope of which was zero. Regression analyses were
performed on the contrast values using Microsoft Excel with relationships centered
through the origin (Garland, Harvey et al. 1992). Because no single best model can be
expected, we determined multiple regression models using two different methods:
backward elimination and the adjusted correlation factor, Ra2.

36

Table 3. Relative range size (relative area), latitude, longitude, and elevation for NAm Psoraleeae species.
GENUS
SPECIES
area Latitude Longitude Elev. (ft)

North American Taxa
Hoita
macrostachya
orbicularis
strobilina*
Orbexilum
lupinellus
macrophyllum*
melanocarpum
onobrychis
pedunculatum var. gracile
pedunculatum var. pedunculatum
simplex
stipulatum*
virgatum
Pediomelum
argophyllum
aromaticum var. aromaticum
aromaticum var. barnebyi
aromaticum var. tuhyi
californicum
canescens
castoreum
cuspidatum
cyphocalyx
digitatum
esculentum
humile
hypogaeum var. hypogaeum
hypogaeum var. scaposum
hypogaeum var. subulatum
latestipulatum var. appressum
latestipulatum var. latestipulatum*
linearifolium
megalanthum var. epipsilum
megalanthum var. megalanthum
megalanthum var. retrorsum
mephiticum
palmeri
pariense
pentaphyllum
piedmontanum
reverchonii
rhombifolium
subacaule
Psoralidium
junceum
lanceolatum
tenuiflorum
Rupertia
hallii
physodes
rigida

43
40
0.4
60
0
36
87
95
395
74
0
3.3
520
3.8
1
1.5
27
68
17
173
23
200
880
1
168
25
45
38
25
185
1
27
18
7
210
2
8.5
1
8
310
13
1.5
920
980
2.5
59
15

36.96
36.96
37.021
30.488
35.267
18.783
40.103
33.307
33.597
31.809
38.28
30.21
43.569
38.634
37.003
38.259
35.555
30.705
36.591
33.925
29.954
35.661
39.061
29.421
36.841
30.205
31.817
30.304
32.284
35.052
37.021
39
37.056
36.819
25.526
37.253
31.861
34.142
33.717
29.289
36.092
37.235
38.732
37
40.094
41.76
34.192

120.06
120.06
121.903
82.789
82.244
103.55
87.716
79.177
88.528
93.095
85.785
81.834
111.745
109.391
112.974
109.691
118.504
82.969
114.338
98.716
99.102
98.263
99.03
100.967
102.883
98.385
96.239
97.839
99.757
100.287
112.141
109.5
113.272
113.571
103.361
112.333
109.687
80.594
97.523
98.475
86.332
111.291
109.353
101
121.63
124.19
116.912

253
253
380
110
3000
3280
570
400
230
60
117
224
2135
4200
5118
6270
1200
100
1300
315
1575
1450
1550
1100
4315
1315
375
1050
380
2150
5378
4900
4719
5150
3670
6100
4285
400
1200
580
665
4200
4098
2900
4178
50
4820

3. Results
3.1 Cloning, Sequence Alignment, Data Sets, and Coding of Gaps
Phylogenetic analyses of cloned Psoraleeae taxa for waxy showed all sequences as
orthologous. Glycine species, however, showed both paralogy and orthology, evidence
of a polyploid event within Glycine, a finding that supports recent studies
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Figure 2. Range distributions of NAm Psoraleeae (Grimes 1990). Letters of species or variety abbreviated from Table 1.

(Doyle, Doyle et al. 2003; Doyle, Doyle et al. 2004). Sequences for Glycine were
chosen to span the variation found. Alignment of the eight DNA regions for the 54 taxon
data sets resulted in a combined alignment of 10203 base pairs. The 99 OTU combined
data set resulted in an aligned length of 10683 base pairs. Table 4 summarizes
alignment results for each data set individually and in combination for the 54 and 99
OTU analyses. The 99 OTU data set has 12% missing data. Analysis of each DNA
region using RDP2 provided no supported instances of recombination.
3.2 Models of Evolution and Gap Coding
Tree scores, number of most parsimonious trees, and numbers of variable and
parsimony-informative characters varied for each data set across the four gap coding
schemes (Table 4): gaps as missing (gmiss), simple indel coding (sic), modified complex
indel coding (mcic), and gaps treated as a 5th state (g5). Within the parsimony
framework, the nuclear DNA regions offered the greatest percentage of parsimonyinformative sites ranging from 28.8% to 61.5% depending on how gaps were coded.
Chloroplast regions ranged from 7.1% to 41%. Without including gaps, trnS/G had the
least number of parsimony-informative sites while trnD/T offered the most. When
comparing numbers of parsimony-informative sites across gap coding schemes, gmiss <
sic ≈ mcic < g5. The number of indels coded per data set for sic and mcic always
resulted in more indels for sic than mcic, this due to the nested coding scheme inherent
in the mcic method. In every data set, when comparing the percentage of parsimonyinformative sites for nucleotide data alone against the percentage for gaps alone, gaps
always provided a greater percentage of parsimony-informative sites by a factor ranging
from 1.24 to 2.12 for nuclear regions and 3.98 to 5.43 for chloroplast regions (not
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Table 4: Summary of data sets by coding scheme for alignment and MP analyses. PIC=parsimony-informative
character. VC=variable character. Rows with only data set name have gaps as missing. MatK mcic = sic as no
complex gaps exist. All data sets have 54 taxa except 99teDNA which has 99.
Data Set
Aligned length (bp) No. (%) vc No. (%) pic No. indels No. pic-i No. MP trees tree length

ITS
sic

799

388 (48.6)

230 (28.8)

7259

932

915

504 (55.1)

284 (31)

116

54 (46.6)

683

1096

54

33 (61.1)

mcic

853

442 (51.8)

263 (30.8)

1522

1091

g5

799

516 (64.6)

343 (43)

84

1366

1065

566 (53.1)

358 (33.6)

492500

886

sic

1190

691 (58.1)

410 (34.5)

125

52 (41.6)

495100

1036

mcic

1134

635 (56)

398 (35.1)

69

40 (58)

490202

1028

g5

1065

820 (77)

655 (61.5)

1942

1893

1045

265 (25.4)

74 (7.1)

488200

343

waxy

trnS/G
sic

1146

366 (31.9)

112 (9.8)

101

38 (37.6)

237800

490

mcic

1100

320 (29.1)

94 (8.5)

55

20 (36.4)

405300

474

g5

1045

866 (82.9)

429 (41)

2215

1383

1192

336 (28.2)

110 (9.2)

160

438

sic

1268

412 (32.5)

142 (11.2)

76

32 (42.1)

118289

546

mcic

1233

377 (30.6)

125 (10.1)

41

15 (36.6)

6819

539

g5

1192

707 (59.3)

343 (28.8)

634

1028

1237

350 (28.3)

123 (9.9)

322600

489

sic

1331

444 (33.4)

168 (12.6)

94

45 (47.9)

414200

639

mcic

1276

389 (30.5)

144 (11.3)

39

21 (53.8)

446800

623

g5

1237

637 (51.5)

272 (22)

78364

1037

1539

408 (26.5)

159 (10.3)

sic

1546

415 (26.8)

160 (10.3)

g5

1539

441 (28.7)

165 (10.7)

1746

486 (27.8)

189 (10.8)

453300

679

sic

1891

630 (33.3)

256 (13.5)

145

67 (46.2)

24948

913

mcic

1810

550 (30.4)

222 (12.3)

64

33 (51.6)

5453

895

g5

1746

1182 (67.7)

478 (27.4)

1894

2031

rpoB-trnC

1580

391 (24.8)

139 (8.8)

490700

544

sic

1710

521 (30.5)

194 (11.3)

130

55 (42.3)

295200

731

mcic

1655

466 (28.2)

174 (10.5)

75

35 (46.7)

433400

722

g5

1580

1196 (75.7)

620 (39.2)

3381

1916

8339

2236 (26.8)

794 (9.5)

1694

3106

sic

8892

2788 (31.4)

1032 (11.6)

553

238 (43)

7

3973

mcic

8620

2517 (29.2)

919 (10.7)

281

125 (44.5)

33

3896

g5

8339

5029 (60.3)

2307 (27.7)

6

8407

1864

954 (51.2)

588 (31.5)

1767

1895

trnL/F

trnK

matK

trnD/T

cpDNA

nrDNA

7

1 (14.3)

2209

578

2208

585

2208

614

sic

2105

1195 (56.8)

694 (33)

241

106 (44)

2913

2222

mcic

1987

1077 (54.2)

661 (33.3)

123

73 (59.3)

4374

2212

g5

1864

1336 (71.7)

998 (53.5)

293

3423

10203

3190 (31.3)

1382 (13.5)

319

5122

sic

10997

3983 (36.2)

1726 (15.70

794

344 (43.3)

8

6340

mcic

10607

3594 (33.9)

1580 (14.9)

404

198 (49)

26

6250

g5

10203

6365 (62.4)

3305 (32.4)

42

12067

teDNA

99teDNA

10683

3596 (33.7)

1705 (16)

111731

6465

sic

11646

4550 (39.1)

2132 (18.3)

963

427 (44.3)

711

8066

mcic

11134

4044 (36.3)

1948 (17.5)

451

243 (53.9)

313

7956

g5

10683

7130 (66.7)

4036 (37.8)

496

15240

39

Table 5: Models of Evolution and Likelihood scores for BI and ML analyses.

Data Set

1 partition
no gaps

54t ITS
54t waxy
54t SG
54t LF
54t trnK
54t matK
54t cp2
54t cp3
54t cpDNA
54t nrDNA
54t total ev
99t total ev

-5433.72
-5872.13
-3116.49
-3991.39
-4496.31
-5495.76
-6278.97
-5060.1
-28461.58
-11974.63
-41847.66
-50787.9

Bayesian Inference
Mixed Models
1 partition
no gaps
gaps as sic
n/a
-5890.2
n/a
n/a
n/a
n/a
n/a
n/a
-28592.84
-11862.5
-40954.41
-49925.95

-6111.41
-6496.3
-3708.75
-6102.48
-5168.75
-781.85
-7373.92
-5865.4
-32136.64
-13355.55
-47075.72
-58142.7

ML
Mixed Models
gaps as sic

PHYML

Model of
Evolution

n/a
-6523.68
n/a
n/a
n/a
n/a
n/a
n/a
-32249.37
-13142.41
-46102.82
-57211.02

-5316.07
-5761.76
-2980.12
-3869.75
-4370.54
-5378.26
-6169.1
-4941.01
-28370.88
-11875.3
-41802.78
-50636.25

TrN+I+Г
HKY+Г
K81uf+Г
TIM+I
TrN+I+Г
TIM+I+Г
K81uf+I+Г
TIM+I+Г
TVM+Г
TIM+I+Г
GTR+I+Г
GTR+I+Г

including matK). All DNA regions excluding trnS/G and trnL/F have a larger percentage
of parsimony-informative gaps for mcic than sic for indels only. Most data sets resulted
in gmiss having the highest number of most parsimonious trees, with g5 having the
least. Data sets that did not follow this trend include trnL/F, trnK, nrDNA, 54teDNA, and
99teDNA which elicited the following trends, respectively: sic>>mcic>g5>gmiss,
mcic>sic>gmiss>g5, mcic>sic>gmiss>g5, gmiss>g5>mcic>sic, and gmiss>sic>g5>mcic.
Models of evolution for all data sets are summarized in Table 5, as well as likelihood
tree scores for BI and ML phylogenies, with likelihood scores for estimates having
nucleotide characters only and nucleotide plus gap characters for each data set. For
combined data sets, Bayesian mixed models is expanded to accommodate nucleotide
partitions with different models of evolution. For model comparisons, a Bayes Factor,
2loge(B10), greater than 10 has been suggested to represent very strong support against
the less complex model (Kass and Raftery 1995). Waxy was the only individual DNA
region to incorporate mixed models for nucleotide data, parsing out exons with model
Hasegawa, Kishino, Yang (HKY) + gamma distributed rate heterogeneity (Г) and introns
using the general time reversible (GTR) model with Г. Comparison of these models with
or without gaps favors a single partition using the HKY + Г model with a Bayes Factor of
18.36 and 54.76 respectively. For cpDNA, a single partition was strongly favored over
mixed models with a Bayes factor of 262.52 for no gaps and a Bayes factor of 225.46 for
inclusion of gaps. For nrDNA, 54teDNA, and 99teDNA mixed models were very strongly
favored over a single model, regardless of inclusion of gaps with Bayes factors ranging
from 224.26 to 1945.8.
3.3 Phylogeny Estimation and Indel Coding
matK – MP, BI, and ML analyses resulted in identical tree topologies across the four
indel coding schemes. All genera are monophyletic with the exception of Psoralidium,
Ps. tenuiflorum being placed inside Pediomelum. Monophyly of NAm Psoraleeae cannot
be determined by matK due to lack of resolution and support. Some analyses resolve
Orbexilum as sister to the rest of Psoraleeae but with weak support. The inclusion of
gaps changed neither topology nor support due to the conservative nature of this gene.
trnL/F – This DNA region reacts oppositely to the inclusion of gaps as the rest. For
both MP and BI, inclusion of gaps decreases support at basal nodes. MP analyses
increase in basal resolution moving up in complexity through the gap coding schemes,
but decrease in nodal support. Resolution within Pediomelum is only slightly increased
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with no change in support. ML and MP analyses also suggest Orbexilum as sister to all
other Psoraleeae, but again with little support which decreases through gap scheme
complexity. All genera are monophyletic except Psoralidium, trnL/F placing Ps.
tenuiflorum inside Pediomelum.
trnS/G – Without gaps, all methods were largely congruent with very little resolution
among genera. For ML and BI, all genera were monophyletic except Psoralidium having
Ps. tenuiflorum nested in Pediomelum. In MP, gmiss failed to support monophyly of
Psoralidium or Rupertia, these taxa being grouped in a basal polytomy. All indel coding
schemes improved upon generic monophyly over gmiss. A weakly supported clade of
Hoita, Bituminaria, Otholobium, and Cullen resolved upon inclusion of gaps in MP
analyses. Inclusion of gaps within BI resulted in better resolution and the creation of a
weakly supported clade of Orbexilum, Hoita, Otholobium, Bituminaria, and Cullen.
trnK – Topologies are congruent across all methods. For BI, indel coding does not
change the topology but does increase nodal support. BI weakly resolves Psoralidium
sister to Rupertia. For MP, resolution increased from gmiss=g5 < sic < mcic with the
latter two resulting in weak support for Psoralidium sister to Rupertia. Support values
increased marginally. All analyses of trnK fail to recover Hoita as monophyletic, placing
these taxa in the basal polytomy with the rest of the genera.
trnD/T – This region offers more resolution than others, with all methods being largely
congruent with each other. Inclusion of gaps increases both resolution and support for
both MP and BI. All analyses place Otholobium as sister to Hoita with moderate
support, making NAm Psoraleeae polyphyletic. Ps. tenuiflorum is placed in Pediomelum
with all other genera being monophyletic. In MP, g5 outlines a clade of Orbexilum,
Hoita, Cullen, and Otholobium with moderate support, a finding at odds with all other
analyses.
rpoB-trnC – BI, ML, and MP analyses are congruent in topology for rpoB-trnC. Indel
coding does not change resolution or support values for BI while resolution is slightly
increased upon inclusion of gaps in MP analyses. Genera are all monophyletic except
Psoralidium; Ps. tenuiflorum being nested inside Pediomelum. All genera exist in a
basal polytomy.
ITS – BI, MP, and ML analyses all result in similar topologies. Addition of indels
slightly decreases resolution and support for basal relationships while increasing support
and resolution for more derived nodes. Genera exist in a basal polytomy. ITS resolves
all genera as monophyletic except Psoralidium for which Ps. junceum is nested inside
Pediomelum. Psoralidium is found to be sister to Pediomelum with very high support
(pp=1.0, bp=86-99) while Rupertia is sister to Psoralidium + Pediomelum, across all
methods (pp=0.91-0.98, bp=70-87).
Waxy – This protein-coding gene was the only region that had both exons and
introns. Partitioning by exon and intron in BI made no difference with or without gaps.
All analyses are congruent in topology and suggest a monophyletic NAm Psoraleeae.
All analyses but g5 resulted in monophyletic genera except Psoralidium, having Ps.
tenuiflorum nested in Pediomelum. Waxy found the same relationships among Rupertia,
Psoralidium, and Pediomelum as ITS. Inclusion of indels did not affect resolution but
increased support moderately. In MP, g5 produced a radically different phylogeny of a
nonmonophyletic Psoraleeae with Bituminaria and Hoita nested among outgroups.
nrDNA – Combined data sets introduce mixed models into the study. Holding indel
coding scheme constant, BI changes the topology with respect to Psoralidium: a single
partition places the sister group of Ps. tenuiflorum + Ps. lanceolatum as sister to
Pediomelum with Ps. junceum nested immediately inside Pediomelum; partitioning the
nucleotide data into mixed models results in a monophyletic Pediomelum, pulling Ps.
junceum immediately outside Pediomelum, all with very high support (pp=1.0; Figure 3).
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Figure 3. BI nrDNA mixed models with sic. Nodal support is indicated above branches: * MP 50% < bp < 70% and 0.90 <
pP < 0.95; ** MP bp > 70% and pP > 0.95. ^ disagreement in topology between MP and BI.

ML is similar to BI, nesting Ps. junceum within Pediomelum. BI and ML offer little
resolution of genera, instead supporting a basal polytomy, while MP resolves a
monophyletic NAm Psoraleeae although with little support. Inclusion of gaps increases
support over the whole tree. All other genera are monophyletic. Within MP, gmiss is the
most resolved although weakly supported. Inclusion of gaps collapses the basal
resolution. Nodal support is not highly affected. The g5 coding scheme resolves a
topology similar to that obtained for g5 waxy.
cpDNA – Combining cpDNA regions provides almost complete resolution within
Psoraleeae (Figure 4). For BI, holding gaps constant, mixed models provided slightly
more resolution than a single partition. Without gaps, mixed models didn’t change
topology but strongly increased nodal support on portions of the tree. Within partition
schemes, including gaps improves resolution at more derived nodes within the topology.
ML and BI are largely congruent, resolving basal relationships with high support. BI and
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Figure 4: BI cpDNA mixed models with sic. Nodal support is indicated above branches: * MP 50% < bp < 70% and 0.90 <
pP < 0.95; ** MP bp > 70% and pP > 0.95. + node supported by pP > 0.95 but collapsed in MP.

ML favor a polyphyletic NAm Psoraleeae with Otholobium sister to Hoita. All genera are
monophyletic except Psoralidium, it having Ps. tenuiflorum nested within Pediomelum.
Within MP, basal generic relationships are weakly supported and shift with indel coding
scheme. gmiss is congruent with BI and ML. Moving from gmiss to more complex
coding schemes results in decreased resolution and nodal support with respect to
relationships between Otholobium and Hoita.
54teDNA – Total evidence offers a highly resolved tree for BI (Figure 5), with MP and
ML having basal polytomies. For BI, within sic, mixed models resolves a monophyletic
NAm Psoraleeae and results in Psoralidium (Ps. lanceolatum + Ps. junceum) as sister to
Rupertia; Ps. tenuiflorum is nested within Pediomelum. Without gaps, mixed models
increases resolution slightly within Pediomelum relative to a single partition. Within
mixed models, addition of gaps pulls out the Psoralidium + Rupertia clade. MP does not
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Figure 5. Phylogenetic relationships of Psoraleeae (54 taxa) based on Bayesian Inference analysis with total evidence
and simple indel coding. Nodal support is indicated above branches: * MP 50% < bp < 70% and 0.90 < pP < 0.95; ** MP
bp > 70% and pP > 0.95.

recover this clade in any analysis. For MP, moving from gmiss Æ sic Æ mcic does not
resolve basal polytomies but increases resolution within more derived clades and raises
nodal support across the tree. Otholobium and Bituminaria are sister with high support
in g5 with NAm Psoraleeae falling out as monophyletic. Psoralidium and Rupertia are
not sister in g5. All genera are monophyletic with the exception of Psoralidium, Ps.
tenuiflorum being grouped inside Pediomelum.
99teDNA – This data set includes multiple individuals for most species and includes
several Otholobium species from the new and old worlds. Holding indels constant within
BI, mixed models provided a moderate increase in nodal support and increased
resolution within more derived clades (Pediomelum). Basal relationships were shifted as
well. A single partition, with and without gaps, moderately supports a monophyletic NAm
Psoraleeae with Otholobium (Africa) sister to the rest of Psoraleeae and Otholobium
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ae54cuspidatum
ae67reverchonii
ae144piedmontanum
ae149piedmontanum
ae83piedmontanum
ae51cyphocalyx
ae58digitatum
ae61latestipulatum
ae127argophyllum
ae47argophyllum
ae73argophyllum
ae59esculentum
ae120cuspidatum
ae63megalanthum
ae64mephiticum
ae124megalanthum
ae75tuhyi
ae65pariense
ae76pariense
ae107esculentum
ae62epipsilum
ae56californicum
ae113aromaticum
ae55aromaticum
ae74barnebyi
ae115scaposum
ae68scaposum
ae66pentaphyllum
ae77pentaphyllum
ae60hypogaeum
ae78subulatum
ae90humile
ae116scaposum
ae141subacaule
ae142subacaule
ae84subacaule
ae125retrorsum
ae126mephiticum
ae50retrorsum
ae57castoreum
ae114rhombifolium
ae52rhombifolium
ae106palmeri
ae109hallii
ae138hallii
ae88rigida
ae146physodes
ae87physodes
ae140physodes
ae118lanceolatum
ae79lanceolatum
ae69junceum
ae102simplex
ae49simplex
ae110virgatum
ae136virgatum
ae134gracile
ae85pedunculatum
ae104onobrychis
ae130onobrychis
ae48onobrychis
ae103melanocarpum
ae129melanocarpum
ae137lupinellus
ae81lupinellus
ae96brachystachyum
ae98mexicanum
ae139macrostachya
ae89orbicularis
ae147orbicularis
ae148orbicularis
ae135macrostachya
ae108cinereum
ae93discolor
ae92australasicum
ae94tenax
ae128americanum
ae91bituminosa
ae131striatum
ae95bracteolatum
ae101swartbergense
Glycine canescens
Glycine microphylla
Glycine max cv. Essex
Amphicarpaea bracteata
Peuraria lobata
Cologania pallida
Desmodium floridanum

Phaseolus vulgaris

Abrus precatorius

0.05 changes
Figure 6. 99teDNA BI tree. All nodes have posterior probability greater than 0.90 except those marked with a yellow dot,
which have posterior probabilities between 0.50 and 0.90.

(South America) + Bituminaria sister to NAm Psoraleeae. Mixed models moderately
favors a monophyletic New World Psoraleeae, having Otholobium (South America)
sister to Orbexilum (Figure 6). In all analyses Otholobium is broken into separate clades
representing Old and New World taxa. Psoralidium is nonmonophyletic with Ps.
tenuiflorum being nested within Pediomelum. Cullen, Orbexilum, Hoita, Rupertia and
Bituminaria are monophyletic. ML is similar to BI single partition analyses. Within MP,
Otholobium is split into Old and New World clades. Psoralidium has Ps. tenuiflorum
nested in Pediomelum. All other genera are monophyletic. Basal relationships involving
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Otholobium, Cullen, Bituminaria, and Hoita shift around between the four indel coding
schemes, but with very weak support. Only g5 recovers a monophyletic New World
Psoraleeae with good support. Resolution and support are hardly improved or changed
for 99teDNA in MP. The majority of species are monophyletic with the exception of
some Pediomelum species that lie furthest from the root of the tree.
3.4 Congruence and Hypothesis Testing
Analyses of waxy and ITS suggest differing relationships with respect to Psoralidium
and Otholobium. Waxy places Ps. tenuiflorum inside Pediomelum and produces a clade
of Ps. junceum and Ps. lanceolatum with strong support (pp=1.0, bp=91-98) while ITS
places Ps. tenuiflorum with Ps. lanceolatum, Ps. junceum being inside Pediomelum, also
with strong support (pp=1.0, bp=100). Waxy places Otholobium sister to Cullen with
good support (pp=0.92-0.97, bp=75-87) while ITS places Otholobium in a basal
polytomy. With incongruence between nuclear regions surrounding only one taxon, we
opted to combine regions for a nuclear phylogeny. Comparisons of the chloroplast
regions yielded no strongly supported incongruence between the six data sets.
Comparing nrDNA to cpDNA yields two incongruencies with respect to generic
relationships (Figures 3 & 4). nrDNA places Otholobium as sister to Cullen with
moderate support from BI analyses (pp=0.94-0.97) but is not supported in MP or ML
analyses. cpDNA suggests Otholobium as sister to Hoita with moderate support in all
analyses (pp=0.94-0.97, bp=73-75). cpDNA resolves a Rupertia + Psoralidium clade as
sister to Pediomelum with very strong support (pp=1.0, bp=99-100) while nrDNA
supports Rupertia as sister to Psoralidium + Pediomelum (pp=1.0, bp=94-100). Within
Orbexilum, nrDNA supports monophyly of O. pedunculatum, two varieties being included
(pp=1.0, bp=86-99); cpDNA splits monophyly of this species, placing O. pedunculatum
var. pedunculatum as sister to O. onobrychis (pp=1.0, bp=67-97) and var. gracile as
sister to a clade of O. virgatum + O. simplex, a finding in keeping with biogeography.
Each partition also differs on species relationships within Rupertia and Pediomelum. We
chose to combine nuclear and chloroplast regions as the support for topological
differences surrounding Otholobium were moderate or nonexistent. Support around
Psoralidium is strong between genomes, but with only a few steps difference in topology.
The SH test found a significant difference between the proposed hypotheses of
Grimes (1990) and Rydberg (1928) with p = 0.008, with Grimes’ proposed hypothesis
being the best. When comparing Rydberg and Grimes against our molecular phylogeny
(54teDNA), ours proved to be the most likely with significant differences much more
strongly supported (p < 0.0001).
3.5 Biogeography and Endemism
Simple linear regression found significant correlations between relative range size
and latitude, longitude, and elevation (Table 6). The model with the highest adjusted
correlation (model A) included latitude and the three-way interaction of latitude,
longitude, and elevation. Latitude seems to be the strongest significant factor for
explaining variation in relative area of distribution in simple and the adjusted correlation
multiple regression analyses, explaining 72.3% of the variation alone in simple
regression. Inclusion of an interaction term involving all three geographical factors
increased the amount of correlation to explain 76% of the variation in range size in
model A. The model chosen by backward elimination (Model B) included longitude, the
interaction term between latitude and elevation, and the three-way interaction between
all three geographic variables. This model provides a slight increase in explanatory
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Table 6. Statistical results from regression analyses of latitude, longitude, and elevation on relative area of distribution.
Model A: chosen via adjusted correlation; B: chosen via backward elimination.
ANOVA pCoefficient
Coefficient
R^2
adj. R^2
value
Coefficient P-value
Lower 95%
Upper 95%

Simple Regression
Latitude

0.7237413 0.699932

3.5414E-13 0.04102212 2.64E-13

0.033129914

Longitude

0.7075494

0.68374

1.1595E-12 0.01369156 8.83E-13

0.010950522

0.0164326

Elevation

0.6669756 0.643166

1.7435E-11 0.44120451 1.39E-11

0.344122866

0.53828616

0.7604018 0.730168

2.6675E-13
0.047110716

0.10743817

Multiple Regression (A)
Latitude

0.07727444

Lat*Long*Elev

-0.0001112 0.016326 -0.000200925 -2.1545E-05

Multiple Regression (B)

0.7631872

0.726347

6.4E-06

0.04891433

1.9419E-12

Longitude

0.01845836 0.004019

0.006237845

0.03067888

Lat*Elev

0.03008652 0.037272

0.001864201

0.05830884

Lat*Long*Elev

-0.0003274 0.006836 -0.000559297 -9.5406E-05

power over model A for unadjusted correlation but a slight decrease in the adjusted
correlation. Both multiple regression models provide similar explanatory power for range
size in NAm Psoraleeae.
4. Discussion
4.1 Impacts of Gap Incorporation
As methods for coding indels have become more prominent and proficient, inclusion
of indels as characters in phylogenetic analyses has gained increasing popularity. The
relative utility of gap characters has been a matter of debate, however. Some have
championed indels as reliable phylogenetically (Lloyd and Calder 1991; Ingvarsson,
Ribstein et al. 2003) while others suggest indels to be homoplasious or uninformative
(e.g. Golenberg, Clegg et al. 1993; Pearce 2006). A recent study across 38 DNA
regions found the utility of indels to phylogenetic inference to be dependent on DNA
locus, but generally suggests that gaps can hold considerable phylogenetic signal, can
increase nodal support, and can change a topology (Simmons, Ochoterena et al. 2001).
Most studies involving gap characters utilize only a few DNA regions, thus offering
relatively few indels for analysis. Our study provides further insights on this topic
through a multi-gene comparison. Combined analysis of the eight DNA regions used
herein provides 10683 aligned nucleotides with 963 gap characters coded using simple
indel coding (sic; Simmons and Ochoterena 2000) for a total of 11646 characters for
phylogenetic inference.
When considering data type alone in terms of phylogenetic signal, gaps on the whole
provided a greater percentage of parsimony-informative sites than did nucleotide data
(Table 4). This amount of signal differed by genome. However, in terms of percentage
of parsimony-informative sites, gaps alone offered more phylogenetic signal compared
to nucleotides alone from the nuclear genome by a factor ranging from 1.24 to 2.12; the
chloroplast regions differed by a factor of 3.98 to 5.43. Nuclear DNA regions are
providing more phylogenetic signal than chloroplast regions when considered without
gaps. This is to be expected as the chloroplast genome has been shown to have lower
rates of base pair substitution than nuclear regions (Wolfe, Li et al. 1987; Muse 2000).
These results corroborate other findings that the rate of indel evolution may be higher
than nucleotide base pair evolution within the chloroplast (Ingvarsson, Ribstein et al.
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2003). While gap inclusion can benefit any molecular phylogenetic study, it seems
especially beneficial to those involving chloroplast regions.
Our analyses are congruent with the findings of Simmons et al. (2001) suggesting that
phylogenetic utility or reliability of gaps as phylogenetic characters seemed dependent
on data set. However, with the exception of trnL/F and, to a lesser degree, nrDNA, all
analyses benefited from inclusion of indels both in terms of nodal support and
topological resolution. For the most part, resolution increased with gap coding
complexity, from gmiss Æ sic Æ mcic Æ g5. In other words, the number of parsimonyinformative sites generally increased with gap coding complexity thus providing more
resolution to topologies and support to nodes. As a result, the majority of our analyses
were enhanced through inclusion of gap characters, regardless of phylogenetic method
or gap coding scheme.
While our intent for investigating the impact of gap characters on Psoraleeae
systematics was not to compare indel incorporation methods, a few insights may be
drawn from our results. Incorporating gaps as characters coded using either sic, mcic,
or treated as a 5th state was advantageous over treating gaps as missing data. For the
most part, sic and mcic were similar in their topologies to each other and simply added
resolution when compared to gaps as missing data. However, results were not always
harmonious between the coding schemes. In particular, treating gaps as a 5th state
sometimes produced results that were far and away different from other analyses, the
most extreme case being the g5 hypothesis of waxy in which Glycine is placed within
Psoraleeae with high support (bp=94). This method may produce such results due to
the attribution of homology to overlapping gap positions as defined per site when in fact
the insertion/deletion events involved were not homologous.
4.2 Taxonomic Classification
This discussion is limited to the mixed model Bayesian analysis with indels coded by
the simple indel coding method (sic; Simmons and Ochoterena 2000) except where
alternative relationships are supported by other methods. In addition, focus leans
towards generic level relationships within Psoraleeae, with some comment on lower
level relationships. Monophyly of each species was found in all but a few cases, namely
the more recently derived clades of Pediomelum (Figure 6). Relationships within
Pediomelum will not be discussed beyond Grimes’ subgenera because relationships
within this genus shift between methods more than other genera in the tribe due to
recent origin and lack of variation. Relationships within Pediomelum may best be
determined using network based approaches and/or more variable genetic markers (e.g.
microsatellites) and will be dealt with in future work.
Following Grimes circumscription, Rupertia and Hoita each contain three species, all
endemic to California (Figure 2). Psoralidium has three species, two widespread
through the central United States while one is endemic to two Utah counties. Orbexilum
contains eight species (plus one variety) distributed mostly in the eastern U.S. with one
species in Mexico. Grimes recognized two subgenera within Orbexilum based on pod
and root morphology. Pediomelum contains a few of its 29 recognized taxa (22 species,
seven varieties; one species described after Grimes’ monograph; (Allison, Morris et al.
2006) widespread throughout the U.S., with the remaining having narrow ranges mostly
in the intermountain and south-central states, with one species in Mexico. Grimes
further segregated Pediomelum into three subgenera: Disarticulatum, Leucocraspedon,
and Pediomelum based on branching pattern and dehiscence of inflorescences.
Our phylogenies are largely congruent with Grimes’ (1990) generic circumscription,
with some exceptions. Rydberg included the South American members of Otholobium
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with Hoita, a group completely unsupported by our molecular phylogenies. Grimes
placed these species with African Otholobium species based on calyx and fruit
characters, but with reservation. Stirton (1981) described the distinguishing
characteristic of genus Otholobium as “leaflets recurved-mucronate.” Grimes notes in
his 1990 monograph that this criterion excludes the South American members of the
genus and so included these species with African Otholobium with some hesitance. Our
99 taxon total evidence analyses suggest that Otholobium should be broken into two
groups by geography, South America and South Africa, with strong support. However,
the analyses are not completely congruent as to South American species relationships
to other Psoraleeae genera. Mixed models BI inference with gaps as sic suggests South
American species as sister to Orbexilum with good support (Figure 6; pp=0.96);
maximum parsimony analyses and Bayesian analyses without gaps place the South
American species in a clade apart from but in a basal polytomy with African species or
as sister to Bituminaria but without support. Whether to include these eight species
within Orbexilum or as a new genus is currently indeterminate. Greater sampling within
both geographic areas in future work may enable such a decision.
Perhaps the most obvious break from Grimes’ taxonomy is that of Psoralidium. All
analyses herein suggest that Psoralidium is polyphyletic. All data sets place Ps.
tenuiflorum within Pediomelum except ITS, which place Ps. junceum inside Pediomelum
instead. These discrepancies may suggest that hybrids exist inside this genus. All NAm
Psoraleeae species tested to date have 11 chromosomes (Ockendon 1965). Future
determination of the chromosome number of Ps. junceum may aid in assessing whether
hybridization or polyploidy has played a role in its evolution.
While relationships within Pediomelum change between DNA region and method, all
analyses agree on one point: Grimes’ subgenus Leucocraspedon consisting of the
sister group of P. rhombifolium and P. palmeri is sister to the rest of Pediomelum with
complete support (pp=1.0, bp=100). In addition, the branch length of the
Leucocraspedon clade is always immensely longer than any other species in North
American Psoraleeae, attesting to the incredible number of autapomorphic characters
supporting the clade. We believe that this finding suggests that Grimes’ subgenus
Leucocraspedon be raised to generic rank, a work that is on going. This clade is
segregated from the rest of Pediomelum by having a bony white ridge encircling the
hilum and many prostrate stems originating from the root.
4.3 Biogeography and Endemism
Latitude has long been implicated in the evolution and distribution of species across
the earth (Cardillo 2002; Symonds, Christidis et al. 2006). Endemic plant richness has
been shown to follow latitudinal gradients while incorporating range size. As most
latitudinal studies show, large areas of low latitude support the greatest number of
endemic plant species. However, it has also been shown that mid-latitude regions with
semi-arid or seasonal climates also exhibit high endemic species richness (Cowling and
Samways 1995). This finding supports Rapoport’s rule of seasonal climate impacts on
range size at high latitudes. As the distribution map shows, several Pediomelum
species, the largest NAm Psoraleeae genus and the genus with the largest number of
narrow endemics, fall into this very situation. North American Psoraleeae is no
exception with latitude revealed as a strong contributor to relative range size. In both
simple and multiple regression analyses, an increase in latitude is significantly correlated
with an increase in range size. If the relative area of range size can be taken as a rough
measurement of the degree of narrow endemism, then latitude is inversely correlated to
the narrow endemic status of many NAm Psoraleeae species, the decreasing latitude
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correlated with an increase in endemism leading to more endemic species residing in
lower latitudes. If latitude is taken as a surrogate of the amount of seasonal climate
change, then an increase in seasonal climate change leads to an increase in range size.
It seems then, that species that live in higher latitudes are more tolerant of climate
change and are able to increase their range accordingly, a finding supported in other
studies (Jansson 2003).
Elevation has also been shown to be correlated with endemism in plant species
(Kluge and Kessler 2006). Rapoport’s elevation rule suggests the same correlation
between seasonal climate changes and range size. In NAm Psoraleeae, elevation alone
explained 66.7% of the variation in range size. In addition, elevation had the largest
coefficient in simple regression. Interpreted mathematically, a doubling in elevation is
associated with a 1.36 fold increase in the median of range size. The higher the
elevation, the lower the endemism. This again is correlated with the tolerance of species
to climate change.
Longitude was also significantly correlated with relative distribution in both simple and
multiple regressions. Longitude is correlated with climatic variables in North America,
including relative humidity and annual average precipitation. As longitude progresses
westward, range size increases.
Overall, the correlations exhibited between the geographical variables of latitude,
longitude, and elevation with range size suggest correlations with degree of endemism
as measured by range size in NAm Psoraleeae, in support of Rapoport’s rule. These
results attest to the influence of climate change underlying these geographic variables
as affecting the range size of NAm Psoraleeae species within a phylogenetic context.
While this study purports some explanative power for distribution gradients in this group,
it is not inclusive of other possible factors such as lineage age and the idea of
neoendemism, or the effects of history that could also have affected endemism within
NAm Psoraleeae. To this end, this study should be taken as one hypothesis of
endemism with this group.
5. Conclusions
Our analyses of gap incorporation reinforce recent findings that gaps can represent a
considerable amount of phylogenetic data, hold a greater percentage of phylogenetic
signal than nucleotide data, and can enhance phylogenetic studies by increasing
resolution and nodal support. Our findings suggest that inclusion of gaps as
phylogenetic characters can be especially relevant to chloroplast based phylogenetic
studies as indels represent a greater proportion of phylogenetic signal for chloroplast
regions relative to the nuclear genome.
This is the first molecular phylogenetic analysis of tribe Psoraleeae. Our phylogenies
find most species to be monophyletic with the exception of the most recently derived
clade of Pediomelum. While mostly congruent with Grimes’ (1990) circumscription, our
results suggest a few taxonomic revisions: Psoralidium may have some species of
hybrid origin and need taxonomic rearrangement with respect to Pediomelum;
Otholobium should be split into two genera representing Old and New world clades; and
Grimes’ subgenus Leucocraspedon has experienced increased evolution relative to
other Pediomelum species and should be raised to generic status. These taxonomic
revisions will be dealt with in future work.
Comparative analyses between geography and levels of endemism within North
American Psoraleeae suggest that latitude, longitude, and elevation each offer strong
correlations in explaining degree of endemism as measured by range size. The
interaction between the three geographic variables increased the overall correlation,
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explaining 76.3% of the variation in range size. Overall, the correlations between
geographic variables and range size within NAm Psoraleeae support Rapoport’s rule.
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DIVERGENCE AND DIVERSIFICATION IN NORTH AMERICAN PSORALEEAE
(LEGUMINOSAE)
Ashley N. Egan and Keith A. Crandall

Abstract:
Tribe Psoraleeae (Leguminosae) is estimated to be of the youngest tribes in the Pea
family. The tribe includes a sizable diversification within North America dated at
approximately 6.3 million years ago, illustrating a recent, rapid radiation resulting in five
genera and 45 extant species. Species distribution is skewed with 67% of species
included in the most recently derived genus, Pediomelum, suggesting a diversification
rate shift within the group. We investigate nucleotide rate variation and estimate
divergence dates of North American Psoraleeae using penalized likelihood based on
eight DNA regions (ITS, waxy, matK, trnD/T, trnL/F, trnK, trnS/G, and rpoB-trnC) and
previously estimated phylogenies. We test the hypothesis of a diversification rate shift
within the North American Psoraleeae using both topological and temporal methods.
We also test two hypotheses concerning the impact of environmental change of North
American Psoraleeae diversification: Quaternary climate fluxes and climate regime
shifts from mesic to xeric habitats. Whole-tree test statistics measured in SymmeTREE
support a shift in diversification at mid-node depth within the group. The temporal
method of Birth-Death Likelihood (BDL) proposes a 3-rate Yule model as the best
diversification model for the group with 2 significant shifts in net diversification rates
found: the net diversification rate increases 2.73 fold around 1.71 million years ago
followed by an 8.96 decrease in net diversification rate 500,000 years ago. The
hypothesis of a climate regime change from mesic to xeric habitats was not supported
using the topological Key Innovation test of Ree (2005). Lineage through time plots and
BDL support the hypothesis that Quaternary climate fluxes influenced the diversification
of North American Psoraleeae. Quaternary climate fluxes may also have contributed to
the high level of narrow endemism within the tribe, as the ebb and flow of climate
changes spurred adaptation to differing environments that may have lead to ecological
specialization.
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1. Introduction
Recent studies of Fabaceae (Leguminosae), the bean family, have examined
diversification rates and timing of divergence, focusing on generic or higher levels in the
family (Lavin, Schrire et al. 2004; Lavin, Herendeen et al. 2005). Fewer diversification
studies have been conducted at the species level in legumes, studies that will provide
great insight into the radiation of this species-rich family. Fabaceae began diversifying in
the Tertiary, with some clades diversifying later in the Quaternary (Lavin, Schrire et al.
2004). Studies based on chloroplast coding genes matK and rbcL found variation in
nucleotide substitution patterns throughout the family, with the Phaseoleae group,
including tribe Psoraleeae, exhibiting higher rates than other clades (Lavin, Herendeen
et al. 2005). In addition to its high substitution rate, Psoraleeae is estimated to be the
second youngest Legume clade (Lavin, Herendeen et al. 2005). Studies of
transcontinental clades estimated the age of the split between two Psoraleeae genera,
Psoralea, a South African genus, and Rupertia, a genus endemic to the western United
States at approximately 6.3 million years ago (mya; Lavin et al. 2004), placing the
diversification of North American (NAm) Psoraleeae within range of the Quaternary era,
a period replete with climatic upheavals known to have strongly influenced the tempo of
diversification in many groups (Hewitt 2000; Barraclough and Vogler 2002; Turgeon,
Stoks et al. 2005). The plausible hypothesis of a recent, rapid radiation in NAm
Psoraleeae makes the group an excellent system to study variation in diversification
rates at the genus and species levels and the macroevolutionary factors that may have
contributed to the radiation.
Current circumscription of the tribe includes a monophyletic New World group of six
genera: Hoita, Orbexilum, Pediomelum, Psoralidium, and Rupertia from North America
and Otholobium in South America, and four Old World genera: Cullen, Bituminaria,
Psoralea, and Otholobium, the latter of which spans the Old and New Worlds. The five
exclusively North American genera span a variety of ecological habitats: Hoita (3 spp.) is
riparian, living strictly in moist soils along streams and springs in California; Rupertia (3
spp.) resides on moderately moist slopes in oak-pine communities of California;
Orbexilum (9 spp.) resides in the semi-moist soils of forest communities of the
southeastern United States; Psoralidium (3 spp.) lives in the semi-dry soils of
Midwestern and Intermountain grasslands and deserts; and Pediomelum (29 spp.) has
adapted to well-drained soils in dry, arid ecosystems of the deserts of the Intermountain
West and the grasslands and rock outcrops of the Midwestern United States (Table 1).
NAm Psoraleeae has many narrow endemic species, with 26 of 47 highly limited in
geographic range. For example, Pediomelum pariense is limited to limestone shale soils
of Kane County, Utah. This narrow endemism has lead to the listing of 15 of 47 NAm
Psoraleeae species as rare, threatened or endangered on the 1997 IUCN redlist (Walter
and Gillett 1998). The group has already experienced extinction with Orbexilum
stipulatum and O. macrophyllum presumed extinct (Walter and Gillett 1998; NatureServe
2004). Pediomelum, the largest genus, exhibits 70% narrow endemism with most
species limited to less than ten counties in several states across the U.S. The skewed
distribution of species-richness towards Pediomelum suggests a shift in diversification
rates within NAm Psoraleeae, perhaps spurred by environmental change.
Two hypotheses concerning the impact of environmental change on Psoraleeae
diversification stand out: Quaternary climate fluxes (Hewitt 2000) and climate regime
shifts, representing climate change past and present. In this study, we estimated dates
of divergence and investigated the diversification of NAm Psoraleeae, with an emphasis
on testing evolutionary hypotheses in a phylogenetic framework including the hypothesis
of a diversification rate shift in the group, the macroevolutionary influence upon

57

diversification of Quaternary climate changes, and the impact on diversification of shifts
in climate regimes from moist, warm climes to dry, hot climes.
The young age of this group provides a glimpse into the emerging evolution of NAm
Psoraleeae and the impact of changing environments on its radiation. Because this
group is already experiencing extinction, the information gained from this research may
have implications for its conservation: by understanding the roles of environmental
change in NAm Psoraleeae speciation, we can better understand and prepare for its
future survival in the face of anthropogenic or natural environmental change. In addition,
the knowledge gained herein may provide insight into other species radiations that have
endured similar conditions.
2. Materials and Methods
2.1 Taxon Sampling
This study includes a thorough sampling of NAm Psoraleeae, with only four of 47
recognized NAm Psoraleeae taxa excluded: Hoita strobilina, endemic to Monterrey
County, California is critically endangered; Orbexilum macrophyllum, endemic to a single
site in North Carolina is presumed extinct; Orbexilum stipulatum, once endemic to Rock
Island, Kentucky, at Falls of the Ohio River, is confirmed extinct as the Island was
destroyed for the construction of a Dam; and Pediomelum latestipulatum var.
latestipulatum which we were unable to collect. In addition to North American taxa,
representatives of Otholobium, Cullen, and Bituminaria are included for estimating the
dates of divergence within the tribe; only Psoralea is missing. Six outgroup taxa are
incorporated for calibration: Abrus precatorius, Phaseolus vulgaris, Desmodium
floridanum, Glycine microphylla, G. canescens, and G. max cv. Essex. In total, 54 taxa
are included as described in chapter 2.
2.2 DNA Sequence Data
The tree topologies used for our analyses were previously estimated in a systematic
study (see Chapter 2). We include two sets of the trees for testing rate differences: the
set of 8 most-parsimonious trees based on total evidence, with gaps coded as
presence/absence and appended in a simple binary matrix (sic), and phylogenies from
the 54 taxa mixed models Bayesian inference (BI) analysis based on total evidence with
simple indel coding (Chapter 2). Trees used from the BI analysis include the most likely
tree (Figure 1) and a set of 200 trees from the posterior distribution of trees. The
phylogenies were based on eight DNA regions: the Internal Transcribed Spacer (ITS)
and a single-copy gene, Granule Bound Starch Synthase I (Waxy), from the nuclear
genome and the trnL/F, trnD/T, trnS/G and rpoB-trnC intergenic spacers, the trnK intron
regions, and the matK protein-coding gene from the chloroplast genome (Table 1).
These sequences were used for the rates and divergence dates analyses. DNA
isolations, primer specifications, PCR amplification, DNA sequencing, voucher specimen
information, and phylogenetic analyses are described in Egan and Crandall (In Prep).
2.3 Rates of Nucleotide Substitution and Divergence Dates
Departure from a molecular clock was determined using likelihood ratio tests on the
BI Psoraleeae phylogeny with scores estimated using rate-constant and rate-variable
models (Felsenstein 1981) in PAUP* 4.0 (Swofford 2002). Nucleotide substitution rates
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Table 1. Model parameters used to estimate branch lengths for r8s analyses.
MatK
trnL/F
trnS/G
trnK
trnD/T
rpoB-trnC

No. bp
model
kappa
r (A<->C)
r (A<->G)
r (A<->T)
r (C<->G)
r (C<->T)
r (G<->T)
pi (A)
pi (C)
pi (G)
pi (T)
alpha
p(I)

1541
GTR+I+Γ
n/a
0.169468
0.360578
0.038551
0.098581
0.213235
0.119588
0.323430
0.150777
0.142261
0.383532
1.311131
0.187808

1192
GTR+I
n/a
0.117527
0.184462
0.070039
0.076970
0.340257
0.210744
0.360403
0.146737
0.138116
0.354744
n/a
0.276716

1045
GTR+Γ
n/a
0.180267
0.280973
0.054535
0.098590
0.209320
0.176316
0.349140
0.147004
0.117463
0.386393
1.223851
n/a

1237
GTR+I+Γ
n/a
0.195836
0.152324
0.107797
0.095215
0.309676
0.139151
0.358922
0.110106
0.170194
0.360778
0.871210
0.144980

1746
GTR+I+Γ
n/a
0.209856
0.200587
0.081473
0.087260
0.219842
0.200982
0.359741
0.135471
0.151847
0.352941
2.027246
0.168420

1580
GTR+I+Γ
n/a
0.181540
0.197071
0.056695
0.142751
0.228320
0.193623
0.354866
0.125056
0.138131
0.381946
1.283926
0.097819

ITS

Waxy

799
GTR+I+Γ
n/a
0.074241
0.223835
0.147334
0.059645
0.418564
0.076381
0.214015
0.305190
0.275662
0.205133
0.678864
0.200015

1065
HKY+Γ
2.422562
n/a
n/a
n/a
n/a
n/a
n/a
0.291262
0.195454
0.181955
0.331329
1.262778
n/a

and divergence times were estimated using penalized likelihood (Sanderson 2002) in the
program r8s (Sanderson 2003). This program can assess the variability of the rate of
molecular evolution across a tree. We analyzed each of the eight DNA regions
individually across the most likely BI topology (Figure 1), providing a range of estimates
for divergence dates within Psoraleeae and allowing the investigation of how rates of
molecular evolution have changed across different DNA regions within the tribe. Branch
lengths for each data set were estimated under a maximum likelihood framework in
PAUP* (Swofford 2002) using previously estimated model parameters (Table 1). Models
were estimated as described in Egan and Crandall (In Prep) using Modeltest 3.7
(Posada and Crandall 1998) while parameters were estimated using Bayesian Inference
in the program MrBayes 3.1.2 (Ronquist and Huelsenbeck 2003). Optimal smoothing
parameters were determined using the cross-validation procedure in r8s. Two age
constraints were used for calibration: the most recent common ancestor of Glycine and
Phaseolus had a minimum age of 15.5 million years ago (mya) and a maximum age of
22.4 mya while the most recent common ancestor of Cullen and Rupertia had a
minimum of 4.1 mya and a maximum of 8.8 mya. These dates were taken from a recent
family-wide divergence date study based on 10 fossil calibration points (Lavin,
Herendeen et al. 2005).
2.4 Differential Diversification Rates
Two methodological strategies exist for estimating differential diversification rates
across phylogenies: comparisons of topological species distribution to a random
distribution of diversity; and comparisons of temporal distribution of divergence events to
a randomly created distribution (Sanderson and Donoghue 1996). Topological methods
are generally employed as a first test of diversification rate variation across lineages,
while temporal methods are more powerful at addressing specific questions of when,
how much, and where shifts in diversification took place along a phylogeny. Here, we
employ both strategies to test both general and specific hypotheses concerning
evolutionary rates. The topological program SymmeTREE (Chan and Moore 2005) was
used to test the general hypothesis of variation in diversification rates across North
American Psoraleeae. To account for phylogenetic uncertainty, the set of 8 fullyresolved, most-parsimonious trees was used herein. This program employs seven
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P. linearifolium
P. canescens
P. cuspidatum
P. reverchonii
Ps. tenuiflorum
P. piedmontanum
P. hypogaeum var. hypogaeum
P. digitatum
P. latestipulatum var. appressum
P. cyphocalyx
P. argophyllum
P. californicum
P. aromaticum var. aromaticum
P. aromaticum bar. barnebyi
P. megalanthum var. megalanthum
P. mephiticum
P. aromaticum var. tuhyi
P. pariense
P. esculentum
P. megalanthum var. epipsilum
P. megalanthum var. retrorsum
P. hypogaeum var. scaposum
P. subulatum
P. castoreum
P. subacaule
P. humile
P. pentaphyllum
P. palmeri
P. rhombifolium
R. hallii
R. rigida
R. physodes
Ps. lanceolatum
Ps. junceum
O. virgatum
O. simplex
O. pedunculatum var. gracile
O. pedunculatum var. pedunculatum
O. onobrychis
O. melanocarpum
O. lupinellum
H. macrostachya
H. orbicularis
C. australasicum
C. discolor
C. tenax
Ot. striatum
B. bituminaria
Glycine canescens
Glycine microphylla
Glycine max cv. Essex
Phaseolus vulgaris
Desmodium floridanum
Abrus precatorius
0.025

Figure 1. Most likely tree from Bayesian Inference of total evidence with multiple partitions and simple indel
coding. Ingroup: P = Pediomelum; Ps. = Psoralidium; R. = Rupertia; O. = Orbexilum; H. = Hoita. Outgroup:
C. = Cullen; Ot. = Otholobium; B. = Bituminaria; Glycine; Phaseolus; Desmodium; and Abrus. * Those
species living in mesic climates; all others in xeric climates.

60

whole-tree tests of differential diversification rates, each sensitive to different scenarios.
Bonferroni corrections were used to adjust significance thresholds across multiple tests.
The temporal method, Birth-Death Likelihood (BDL), was used to test specific
hypotheses of diversification rate shifts (Barraclough and Vogler 2002; Rabosky 2006).
This method calculates maximum likelihood estimates of speciation rate parameters and
a likelihood score per tree. The null model of rate-constancy is tested against ratevariable models using the Akaike Information Criterion (AIC; Akaike 1974). BDL has
been found to perform as well or better than the popular γ-statistic, which only identifies
temporal decreases in diversification (Pybus and Harvey 2000), and has greater power
to detect shifts in diversification rates in the presence of extinction (Rabosky 2006). By
comparing the sum of the likelihood of internode distances across the tree under varying
models, BDL can decipher between increased diversification rate vs. rate-constancy with
background extinction (Rabosky 2006). Several diversification models were tested using
LASER (Rabosky 2006). Rate constant models included pureBirth, a constant
speciation model (Yule) with zero extinction (Yule 1924) and birth-death (BD), a constant
speciation–constant extinction model (Kendall 1948). Rate variable models include
density-dependent speciation models with exponential (DDX) and logistic (DDL) variants
(Nee, Mooers et al. 1992; Nee, May et al. 1994), yule2rate and yule3rate models which
are multi-rate variants of the Yule model, allowing two and three shifts in speciation rates
respectively, at times st across a tree and the rate-variable diversification model (RVBD)
which tests for a single diversification rate shift in the presence of extinction
(Barraclough and Vogler 2002; Rabosky 2006). Branching times only were allowed as
possible rate shift points. The most likely BI tree was used with branch lengths from
parsimony analyses based on total evidence and simple indel coding. The tree was
made ultrametric using r8s with a smoothing parameter of 48. Outgroups were excised
and the root, the ancestor of Hoita and Pediomelum, scaled to 4.74 mya - the
divergence date estimated in r8s. Significance of the change in AIC scores was
determined by creating a distribution of AIC scores. This was done by simulating 1000
trees using yuleSim in LASER having the same number of taxa and the same speciation
rate estimated under the pureBirth model.
2.5 Testing of Macroevolutionary Hypotheses
The factors that we tested as influencing the tempo of diversification in NAm
Psoraleeae include Quaternary climate changes and shifts in climate regime from moist,
warm climes (mesic) to dry, hot climes (xeric). We used the key innovation test (Ree
2005) which employs Bayesian techniques to assess correlations between the timing of
branching events (representative of speciation) and the evolutionary history of the
character of interest; lineages with the new regime will have shorter waiting times before
branching, as represented by internode length, than those without it (Table 2). This tests
for key innovations – those traits that may have increased diversification rates.
Significance is determined by comparison to a null distribution of random waiting times
between branching events. This goes beyond clade size methods by incorporating the
time of branching events and allowing the trait to be both acquired and lost. Other tests
assume acquisition only, not allowing loss of the trait, thereby excluding potential
information from the analysis (Ree 2005). Xeric environments, those characterized by
relatively dry, hot climes were hypothesized as a key innovation and tested to have
increased diversification within North American Psoraleeae against the null hypothesis of
no increase in diversification rates across the tribe (Figure 1). 200 trees from the
Bayesian posterior distribution of trees of the mixed-model total evidence analysis with
simple indel coding analysis (Egan
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Table 2. Estimates of divergence dates for specific nodes across data sets. ~ nodes collapsed in r8s.
*nodes used for calibration.
MRCA of:

matK

rpoBtrnC

trnD/T

trnL/F

trnS/G

trnK

waxy

ITS

mean

SD

Desmodium &
Phaseolus

32.67

32.17

28.78

30.61

27.19

31.02

23.23

~

29.38

3.31

Phaseolus & Glycine*

22.4

22.4

22.4

22.4

22.4

22.4

22.4

22.4

22.4

0

Glycine & Psoraleeae
Bituminaria &
Psoraleeae

16.25

12.15

18.44

15.43

15.01

14.43

20.42

17.02

16.15

2.54

6.48

4.92

7.1

~

~

8.35

4.28

~

6.23

1.65

Cullen & Rupertia*

5.98

4.28

6.72

5.31

4.1

7.52

4.1

5.2

5.4

1.27

Orbexilum

2.51

1.32

3.75

1.38

0.58

3.5

0.61

2.39

2.01

1.23

4.81

4.08

~

4.94

3.46

6.64

1.78

3.16

4.12

1.55

3.89

2.97

4.43

3.68

2.29

3.51

1.08

2.71

3.07

1.06

1.2

0.68

0.97

0.43

0.38

1.21

0.31

0.02

0.65

0.44

2.15

0.98

1.31

1.17

0.79

1.52

0.99

0.9

1.23

0.44

Psoralidium & Rupertia

4.36

1.16

3.85

2.77

~

5.14

~

~

3.46

1.55

Psoralidium

3.78

~

0.23

~

0.57

1.66

0.56

~

1.36

1.46

Rupertia

2.24

~

2.56

~

~

2.81

~

1.05

2.17

0.78

Hoita

0.69

0.82

0.16

1.1

0.84

~

0.34

0.32

0.61

0.34

Cullen

0.88

1.2

1.3

0.58

0.32

1.58

0.63

0.74

0.9

0.42

Glycine

6.99

7.84

7.98

7.66

6.25

7.43

5.05

3.58

6.6

1.56

Leucocraspedon &
Psoralidium/Rupertia
Leucocraspedon &
Pediomelum
Leucocraspedon
Pediomelum

Smoothing

7.1

5.6

3.5

5

13

4.5

200

2000

and Crandall In Prep). These trees were rate-smoothed in r8s with an optimal
smoothing parameter of 28 assessed using cross-validation. Trees were calibrated so
that the total tree length was equal to total character change.
The impacts of Quaternary climate shifts were tested using lineage-through-time plots
(Barraclough and Vogler 2002) and BDL using LASER. The acceptance of a ratevariable model with diversification rate shift, st, between 2.5 and 0.7 mya provides
support for the hypothesis of glacial climate changes causing an increase in
diversification rates (Barraclough and Vogler 2002).
3. Results
3.1 Rates of Nucleotide Substitution and Divergence Dates
Each data set rejected a molecular clock (p < 0.00001; 52 degrees of freedom).
Smoothing parameters differed between data sets, attesting to rate heterogeneity across
the phylogeny (Table 2). Some nodes were collapsed in r8s due to branch lengths
approximated as zero-length. Divergence dates estimated for each node differed among
DNA regions, essentially providing a range of estimates of divergence times (Table 2).
Branch lengths are proportional to time in the chronogram based on matK with mean
and range bars for divergence dates for key nodes shown in Figure 2. Nucleotide
substitution rates differ for each DNA region, illustrating the different rates of molecular
evolution among DNA regions (Table 3).
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P. californicum
P. megalanthum
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P. aromaticum
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4.12
0.65
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3.46

1.36
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6.23

0.9
0.61

16.15
22.4

6.6

29.38
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R. hallii
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R. rigida
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O. vrigatum
O. simplex
O. pedunculatum var. gracile
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O. melanocarpum
O. lupinellum
C. australasicum
C. discolor
C. tenax
H. macrostachya
H. orbicularis
Ot. striatum
B. bituminaria
Glycine canescens
Glycine microphylla
Glycine max cv. Essex
Phaseolus vulgaris
Desmodium floridanum

1 mya

million years ago

Figure 2: MatK chronogram with average divergence dates for select nodes. Gray bars represent range of
ages estimated for that nodes based on 8 DNA regions. Dotted bars are nodes used as calibration points.
Genera are as in Figure 1.

Table 3. Estimated rates for each data set. Mean is mean rate across tree. SD = standard deviation. Ratio
is the maximum:minimum rates. Rates are in substitutions/site/million years.

mean
SD
min
max
ratio

matK
rpoB-trnC
trnD/T
trnL/F
trnS/G
trnK
waxy
ITS
0.001462 0.00301 0.002355 0.001618 0.003011 0.002094
0.01194
0.02348
0.000242 0.00027
0.00043
0.00049 0.000389 0.000534 0.00005027 0.000003281
0.001035 0.002578 0.001581 0.000982 0.002712 0.000729
0.01179
0.02348
0.002615 0.004057 0.004068 0.004247 0.005218 0.00368
0.02123
0.0235
2.527
1.574
2.574
4.327
1.924
5.047
1.801
1.001
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Table 4. Whole-tree statistics for diversification rates shifts in SymmeTREE. High and low are p-values for
maximum and minimum tail probabilities.

High
Low

MR

Ic

M∏*

M∏

M∑*

M∑

B1

0.105018

0.00131
0.00348

0.00244
0.00585

0.00431
0.0148

0.00042
0.0024

0.00517
0.02384

0.25095
0.54059

3.2 Differential Diversification Rates
The results of the seven whole-tree statistics computed in SymmeTREE suggest a
significant shift in diversification rates within North American Psoraleeae (Table 4).
Nonsignificance of B1 and MR, tests sensitive to shifts at the tips and root nodes
respectively, suggests that the diversification rate shift took place mid-depth in the
phylogenies.
The maximum likelihood estimate of the speciation rate under the pureBirth model
was 0.683. The critical value for ∆AICrc, as compared to the best rate-constant model,
to maintain a significance level of α = 0.05 is 7.96. BDL chose pureBirth as the best
rate-constant model (Table 5). It was therefore used as the null to calculate ∆AICrc for
the rate variable models. BDL found yule3rate as the best rate-variable model (∆AICrc =
16.6). We therefore reject the null hypothesis of rate-constancy because the observed
∆AICrc > 7.96. According to the scenario suggested by the yule3rate model, North
American Psoraleeae began diversifying with a net diversification rate of 0.46 speciation
events per million years. A shift in net diversification rate took place 1.71 mya in which
the rate shifts dramatically to 1.254 speciation events per million years. The net
diversification rate shifted again, decreasing 0.51 mya to 0.14 speciation events per
million years.
3.3 Testing of Macroevolutionary Hypotheses
In the testing of adaptation to xeric climates as a key innovation in the diversification
of North American Psoraleeae, we failed to reject the null hypothesis of no increase in
diversification rates (Observed 0.775537, Null 1.06388, ppp = 0.1) with a p-value of 0.9.
The hypothesis that Quaternary climate shifts influenced diversification of North
American Psoraleeae is supported by the acceptance of the yule3rate model having a
diversification rate shift between 2.5 and 0.7 mya, with a 2.73 fold increase in net
diversification rate at 1.71 mya (Table 5; Figure 3).
Table 5. Results of fitting diversification models to North American Psoraleeae using BDL. r = net
diversification rate; a = extinction fraction; st = time of rate shift (mya); k = carrying capacity parameter; x =
rate change parameter; Ln(L) = Log-likelihood; AIC = Akaike information criterion; ∆AIC = change in AIC
relative to pureBirth.
pureBirth
BD
DDL
DDX
yule2rate
yule3rate
RVBD
Parameters

r1 = 0.683

r1 = 0.683
a=0

r1 = 1.347
k = 54.545

r1 = 1.103
x = 0.163

r1 = 0.985
r2 = 0.140
st = 0.51

Ln(L)
AIC
∆AIC

61.14
-120.2806
0

61.14
-118.2806
2

64.69
-125.3896
5.109

61.6
-119.2093
1.0713

70.3
-134.5925
14.3119
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r1 = 0.46
r2 = 1.254
r3 = 0.140
st1 = 1.71
st2 = 0.51
73.44
-136.8801
16.6

r1 = 0.249
r2 = 0.029
a = 0.915
st = 0.80
71.73
-135.4605
15.18

3.5

Log-Lineages Through Time

2.5
2.0

st1

1.0

1.5

LogLineages

3.0

st2

4.74

3.74

2.74

1.74

0.74

Time (Million Years Ago)

Figure 3. Lineage through time plot. St = time of diversification rate shifts from yule3rate model estimates.

4. Discussion
Nucleotide substitution rates have been studied throughout the Legume family. These
studies suggest that Psoraleeae is part of one of the fastest clades in terms of molecular
evolution for both the matK and rbcL chloroplast genes (Lavin, Herendeen et al. 2005).
Nucleotide substitution rates for matK in our study not only fall into the range reported by
Lavin et al. (2005), but surpass their highest rate estimate by more than 6 x 10-10
substitutions per site per year. All other DNA regions surpass matK in rates of molecular
evolution, as is expected as all other regions are either noncoding or involve intron
regions. The nuclear regions, ITS and waxy, are the fastest evolving regions in our
analyses, with roughly 10-fold increases over chloroplast regions (Table 3). In terms of
relative rates across the phylogeny, however, chloroplast regions exhibit greater rate
heterogeneity across nodes than nuclear regions with trnK exhibiting the highest (5-fold)
increase in rates across the phylogeny.
Divergence date estimates place the origin of North American Psoraleeae between 5
and 7 million years ago (mya), making the origin of more recently derived genera in the
tribe very young evolutionarily. Of particular interest in terms of divergence dates, is the
largest genus, Pediomelum, which originated between 1 and 2 mya, a time frame right in
the middle of the Quaternary period, an era replete with acute climate oscillations.
These findings support the evolution of North American (NAm) Psoraleeae as a recent,
rapid radiation.
Skewed species-richness to Pediomelum suggests a shift in net diversification rates
within NAm Psoraleeae. Both topological and temporal methods confirmed this
hypothesis. Whole-tree statistics suggested a shift in diversification rate mid-depth in
the phylogeny of NAm Psoraleeae, but were unable to determine where along the
phylogeny it occurred. Nor was the topological method able to discern whether multiple
shifts in diversification rates were present or whether the shift or shifts were net
increases or decreases in diversification rate. The greater power of Birth-Death
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Likelihood (BDL) found two shifts in net diversification rate along the phylogeny, one net
increase at 1.7 mya and one net decrease at 0.5 mya. The increase in net
diversification rate did indeed occur at mid-depth in the phylogeny and represents a
large increase in diversification of the tribe. The shift point for the increase in
diversification along the phylogeny at 1.7 mya and the lineage through time plot provide
evidence concerning the impact of the Quaternary climate fluxes on diversification within
NAm Psoraleeae. The two largest genera diverged around this time, with Orbexilum (8
species) and Pediomelum (29 species) having mean divergence dates of 2.01 and 1.23
mya respectively.
The idea of Quaternary climate shifts impacting genetic divergence and speciation is
not new. While most studies involving the influence of this time period investigate
intraspecific and population level genetic divergence (e.g. Knowles 2001; Ayoub and
Riechert 2004), studies concerning the impact of this era on speciation also exist but are
more rare (see Hewitt 2000 for review). The Quaternary period is characterized by
dramatic oscillations in climate brought on by glacial and interglacial cycles. These
dramatic shifts greatly influenced the range and distribution of species across North
America, as ranges were contracted and expanded repeatedly. The onset of climate
change required plant species to move, adapt, or go extinct. Upon recession, new
environments were open to expansion, often requiring adaptation (Hewitt 2000; Hewitt
2004). These cycles could influence speciation, either through genetic differentiation
through glacial refugia or through admixture as previously isolated entities mixed and
created new and differing gene pools. These events, coupled with selection pressures
caused by new environments or competitors may have spurred genetic and/or
morphological change.
The effects of these oscillations are not homogenous, however. The Quaternary ice
ages and climate oscillations affected geographic regions across North America
differently (Hewitt 2000). Orbexilum is mostly confined to the southeast United States,
with one species reaching into Mexico while Pediomelum is mostly found in central and
intermountain states. Orbexilum includes greater genetic variation as evidenced through
longer branch lengths relative to Pediomelum. One possible explanation for this is the
differential affects of past climate change on these areas. The southeast provided
several refugia in which species could survive while the montane regions of the west
were characterized by more varied environments such as ice, tundra, pluvial lakes, and
deserts (Hewitt 2000). Upon glacial recession, the intermountain west offered a greater
variety of habitats for colonization and adaptation, leading, perhaps, to the greater
species-richness seen in Pediomelum.
Another explanation afforded by this study involves the high levels of narrow
endemism exhibited by NAm Psoraleeae species. Pediomelum exhibits 70% narrow
endemism, with all intermountain species narrowly endemic. The affects on
environment discussed above may also explain the narrow ranges seen in this group.
Colonization and adaptation to the varying environments created by Quaternary climate
oscillations may have spurred diversification and niche endemism as is seen in the soil
substrate specialization within Pediomelum. This has been corroborated in other studies
linking endemism with past climate change (Jansson 2003).
Past climate change seems to affect diversification rates in NAm Psoraleeae more
than shifts in present climate regimes as defined by current habitats. Hoita, Orbexilum,
and Rupertia all reside in more mesic environments characterized by warm, moist,
humid climates whereas Psoralidium and Pediomelum reside in more xeric habitats
characterized by hot, dry environments such as the deserts of the intermountain and
southwest United States. The shift to xeric habitats was not considered a key innovation
in terms of increasing diversification rates within the group. Instead, current habitats
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should be seen as relicts from the effects of past climate change on its influence on the
diversification of North American Psoraleeae.
5. Conclusions
Simple observation of the evolutionary history illustrated in the phylogeny (Figure 1)
of North American (NAm) Psoraleeae suggests several ideas concerning diversification
of the group. The shallow tips and branch lengths of the phylogeny, estimated on no
small amount of data (10997 DNA and indel characters), suggest little variation among
taxa, hinting at a recent, rapid radiation. This idea fits well with the recent studies of the
Legume family, suggesting the Psoraleeae tribe as the second youngest crown clade.
One may also note the skewed species-richness to Pediomelum, the largest and yet
most recently derived genus in the tribe. This observation suggests a shift in net
diversification rates in the tribe.
Diversification shifts within NAm Psoraleeae are confirmed through both topological
(SymmeTREE) and temporal (Birth-Death Likelihood) methods. Divergence date
estimates place the origin of Pediomelum within range of Quaternary climate changes
during the Pleistocene. The hypothesis of the impact of these climate fluxes on
diversification of the group is confirmed by lineage-through-time plots and Birth-Death
Likelihood, with a 2.73 fold increase in the net diversification rate determined at 1.71
million years ago, the height of the Quaternary climate shifts. The ebb and flow of
climate regimes brought on during the Pleistocene may also provide explanation for the
high degree of narrow endemism within NAm Psoraleeae as species endeavored to
adapt to environment and climate shifts across North America.
Tests of shifts in climate regime from mesic to xeric habitats across the phylogeny
using the Key Innovation test failed to reject the null hypothesis of no correlation
between diversification rate and xeric habitats. The results of this study on divergence
dates, diversification rates, and the impact of past and present climate changes on North
American Psoraleeae reveals insight into the events that created extant species diversity
in this recent, rapid radiation.
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CONCLUSIONS

Modern technological and methodological advances in phylogenetic theory and
application have allowed new heights to be reached in the quest for understanding the
how, when, where, and why behind the earth’s incredible biodiversity. This dissertation
research presents a review of phylogenetic theory and methods (Chapter 1) and
presents empirical studies of the plant tribe Psoraleeae (Leguminosae) within a
phylogenetic framework. Particular conclusions from empirical studies presented herein
include:


Pediomelum piedmontanum represents a new species in tribe Psoraleeae within
the United States (Appendix).



Insertion-deletion events (indels) can represent a considerable amount of
phylogenetic data, hold a greater percentage of phylogenetic signal than
nucleotide data, and can enhance phylogenetic studies by increasing resolution
and nodal support (Chapter 2).



Inclusion of indels as phylogenetic characters can be especially relevant to
chloroplast based phylogenetic studies as indels represent a greater proportion
of phylogenetic signal for chloroplast regions relative to the nuclear genome
(Chapter 2).



Most Psoraleeae species are cohesive with the exception of the most recently
derived clade of Pediomelum (Chapter 2).



While mostly congruent with Grimes’ (1990) circumscription, results suggest a
few taxonomic revisions: Psoralidium may have some species of hybrid origin
and need taxonomic rearrangement with respect to Pediomelum; Otholobium
should be split into two genera representing Old and New world clades; and
Grimes’ subgenus Leucocraspedon has experienced increased evolution relative
to other Pediomelum species and should be raised to generic status (Chapter 2).



Comparative analyses between geography and levels of endemism within North
American (NAm) Psoraleeae suggest that latitude, longitude, and elevation each
offer strong correlations in explaining degree of endemism as measured by
relative area of distribution. The interaction between the three geographic

70

variables increased the overall correlation, explaining 76.3% of the variation in
area of distribution (Chapter 2).


Overall, the correlations between geographic variables and range size within
NAm Psoraleeae support Rapoport’s rule (Chapter 2).



North American taxa of tribe Psoraleeae have experienced a recent, rapid
radiation (Chapter 3).



Diversification shifts within NAm Psoraleeae are confirmed through both
topological (SymmeTREE) and temporal (Birth-Death Likelihood) methods
(Chapter 3).



Divergence date estimates place the origin of Pediomelum within range of
Quaternary climate changes during the Pleistocene (Chapter 3).



The hypothesis of the impact of these climate fluxes on diversification of the
group is confirmed by lineage-through-time plots and Birth-Death Likelihood, with
a 2.73 fold increase in the net diversification rate determined at 1.71 million years
ago, the height of the Quaternary climate shifts (Chapter 3).



The ebb and flow of climate regimes brought on during the Pleistocene may
provide explanation for the high degree of narrow endemism within NAm
Psoraleeae as species endeavored to adapt to environment and climate shifts
across North America (Chapter 3).



Tests of shifts in climate regime from mesic to xeric habitats across the
phylogeny using the Key Innovation test failed to reject the null hypothesis of no
correlation between diversification rate and xeric habitats. Present climate shifts
are less influential on diversification of the group than were past climate changes
(Chapter 3).

This research begins by estimating phylogenetic relationships within Psoraleeae,
contributing to the tips of the plant tree of life. It goes further, however, by beginning to
address the how (rates of molecular evolution, diversification rate shifts), when
(divergence dates), where (correlates of geography and narrow endemism), and why
(Quaternary climate shifts) behind the evolutionary history of the tribe Psoraleeae. This
work, therefore, contributes to science’s understanding of biodiversity, adds to the tree of
life, and provides a beginning for future work in speciation processes and patterns within
Leguminosae.
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ABSTRACT
In the Piedmont Physiographic Province of the southeastern U.S.A., the endemic North American
genus Pediomelum is known only from three dry, rocky, partly open sites near the Fall Line. The first
collections were made in 1984, from Richland County, South Carolina; in 1996, from more than 100
km. to the west, in Columbia County, Georgia; and in 2005, from Lexington County, South Carolina,
less than 20 km from the Richland County site. The two late-twentieth-century collections were
referred, with reservations, to P. canescens, a species of sandy soils on the adjacent Atlantic Coastal
Plain. This was the only known Pediomelum that resembled the Piedmont plants in having the petioles shorter than the petiolules and the only similarly erect and caulescent species east of the Mississippi River. Subsequent collections and study by the authors indicate that the Piedmont populations
share a consistent morphology that is unique within the genus in combining subsessile leaves with
congested, many-flowered inflorescences. These plants differ from P. canescens in additional ways
(e.g., fruiting calyces gibbous and more narrowly campanulate, bracts conspicuously larger and
broader, and leaflets more narrowly elliptic). The Piedmont plants also cannot be considered a sessileleaved variant of any of the western species, and therefore they are described as Pediomelum
piedmontanum Allison, Morris, & Egan, sp. nov.

RESUMEN
En la Provincia Fisiográfica de Piedmont del sureste de EEUU, el género Pediomelum, endémico de
Norteamérica, se ha encontrado solamente en tres sitios secos y rocosos y parcialmente abiertos que
están cerca de la Fall Line. Las primeras colecciones se hicieron en 1984 en el Condado de Richland,
Carolina del Sur; en 1996, a más de 100 km al oeste, en el Condado de Columbia, Georgia; y en 2005 en
el Condado de Lexington, Carolina del Sur, a menos de 20 km del sitio en el Condado de Richland. Las
dos colecciones de finales del siglo XX se refirieron, con reservas, a P. canescens, una especie de los
suelos arenosos en el Atlantic Coastal Plain contiguo. Este era el único Pediomelum conocido que se
asemejaba a las plantas del Piedmont en tener los pecíolos más cortos que los peciólulos y la única
especie semejante al este del Río Mississippi erguida y caulescente. Las colecciones subsiguientes y
los estudios por los autores indican que las poblaciones del Piedmont comparten una morfología
coherente que es única dentro del género en combinar las hojas subsésiles con las inflorescencias
congestas y multifloras. Estas plantas se diferencian de P. canescens de otros modos (p. ej., los cálices
fructíferos gibosos y más angostamente campanulados, las brácteas visiblemente más grandes y más
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anchas, y las hojuelas más angostamente elípticas). Las plantas del Piedmont tampoco se pueden
considerar como una variante, con las hojas subsésiles, de cualquiera de las especies occidentales, y
por lo tanto se describen como Pediomelum piedmontanum Allison, Morris, & Egan, sp. nov.

HISTORICAL SKETCH

“This specimen is an enigma.” So began Duane Isely (1918–2000) in his 1991
annotation of J.S. Angerman s.n. (USCH), a South Carolina specimen whose original label bears a date (June 8, 1984) but lacks any name for the plant. Above this
label is an annotation slip with James Grimes’ 1991 determination as
Pediomelum cuspidatum (Pursh) Rydb., made the year after publication of his
monograph (1990) of Pediomelum Rydb. and other genera of New World legumes
often treated at the time as components of a single broadly-defined genus,
Psoralea L. Grimes’ determination of Angerman s.n. as P. cuspidatum must have
preceded Isely’s annotation, which was manifestly written in dissent:
This specimen is an enigma. It is not Pediomelum cuspidatum, which is a species of the Great
Plains. The leaves of P. cuspidatum are petioled and 3–5 foliolate. These are sessile and 3-foliolate. The
only Pediomelum currently known in South Carolina is P. canescens. It matches this to the extent
that the leaves are shortly petioled or subsessile, but the inflorescence is entirely different.

Clearly as a result of seeing these remarks, Grimes took another look at
Angerman s.n., making some floral dissections and measurements of the parts
(as recorded in pencil drawings on the sheet) that were the basis for his second
annotation, which he attached above Isely’s, with reasons why the specimen
also did not fit typical Pediomelum canescens (Michx.) Rydb. (pubescence, leaf
shape, number of floral nodes, length of lower calyx-tooth and of wing-petals).
Before concluding this annotation with the results of his floral dissection,
Grimes wrote that the plant probably merits varietal rank. We assume he meant
under P. canescens, since he confined his comparison to that species, sensu stricto,
though his unelaborated determination of three months earlier as P. cuspidatum
was not explicitly retracted.
In 1996, five years after the Isely and Grimes annotations but without
knowledge of them, Thomas S. Patrick of the Georgia Natural Heritage Program
(GNHP) made the next known collection of a Pediomelum from the Piedmont
Plateau (Patrick s.n., GA, NY). It came from a locality with unusual geology
(serpentinite and related rocks) near the Savannah River in Columbia County,
Georgia. Patrick identified the legume using Radford et al. (1968), in which, due
to the palmately foliolate and essentially sessile leaves, it keys to Psoralea
canescens Michx. (= Pediomelum canescens), a species known from the nearby
Atlantic Coastal Plain sandhills of Georgia and South Carolina, as indicated in
Radford et al. That the habitat of Patrick s.n. was a rocky place in the Piedmont
did not militate against such an identification, as the site supports a natural
community with a mix of Piedmont and Coastal Plain flora. Among the latter
are Pinus palustris P. Mill. (longleaf pine), very rare in the eastern two-thirds of
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the Piedmont of Georgia, and Marshallia ramosa Beadle & F.E. Boynt.
(Asteraceae), a state-protected rarity otherwise endemic to the Coastal Plain.
In June 1999 Morris encountered this same Georgia population of
Pediomelum and collected Morris 4558 (Herbarium of North Georgia College
and State University, “NGCSU”). At the time, he was unaware of both the 1984
specimen at USCH and Patrick’s Pediomelum collection (then stored at GNHP).
After trying to identify his collection using Isely (1990) and finding that, because of the leaf shape and dense inflorescences (Figs. 1, 2), the plant did not
key straightforwardly to any species, Morris showed his collection to Allison,
who had the benefit of familiarity with P. canescens. Noting at once the much
showier inflorescences and proportionately narrower leaves of Morris’ collection, Allison believed it must either represent a new species or a long-range
disjunct. After obtaining the two most recent monographs of the group
(Ockendon 1965; Grimes 1990), Allison, Morris and Patrick agreed that the plants
appeared to represent a new species. An abstract reporting these findings, but
without knowledge of the specimen from South Carolina, indicated the intention to name the new species Pediomelum georgianum (Allison et al. 2003).
In 2004 Egan undertook a study of the phylogenetics, biogeography, and
diversification of North American Psoraleeae (Egan & Crandall 2005). In advance of field sampling of the group, she made inquiries about localities with
recent collections or observations of the various taxa. While inquiring about
South Carolina localities for Pediomelum canescens, Egan was alerted by the
curator of USCH, John Nelson, about the “enigmatic” South Carolina collection.
After borrowing it, she agreed with Isely and Grimes that it was not a clear
match for any described taxon and sought out the actual living plants. In June
2005, Egan found the plant at the likely original collection site, in Richland
County, and also discovered a population about 19 km away in Lexington
County. The consistent and distinctive morphology confirmed her suspicion
that it was a new species. Internet research led her to a listing (GNHP 2004) of
an undescribed Pediomelum on a roster of Georgia rare plants, resulting in her
contacting Allison.
After comparison of all the known specimens of Piedmont Pediomelum,
from Angerman s.n. through Allison’s September 2005 collections of the first
fruiting material from the South Carolina sites, we have concluded that these
occurrences of Pediomelum, one in Georgia and two in South Carolina (Fig. 3),
are all of the same, undescribed species, with a provisional nomen nudum of P.
georgianum. The delay in formal description permits us to give the new species
a more appropriate specific epithet:
Pediomelum piedmontanum J.R. Allison, M.W. Morris & A.N. Egan, sp. nov. (Fig.
2). TYPE: UNITED STATES. GEORGIA. Columbia Co.: ca. 12 km NE of Appling. Dixie Mountain,
20 Jul 2001, James R. Allison & Michael Wayne Morris 12764 (HOLOTYPE: NY; ISOTYPES: BRIT,
BRY, FLAS, GA, GH, MISS, MO, NGCSU, NLU, NY, PH, US, USCH, VSC).
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FIG. 1. Upper portion of a plant of Pediomelum piedmontanum, with the characteristic dense, many-flowered inflorescences and leaves all more than twice as long as wide. Columbia County, Georgia, 15 Jun 2002.

Inter species Pediomeli subgeneris Pediomeli sensu Grimesii petiolis brevioribus quam petiolulis ad
P. canescens solum accedit, autem simul est P. reverchonio soli simile bracteis floralibus magnis et
latissimis et valde caudatis, sed ab ambobus statim distinguitur inflorescentiis densis et multifloris.

Plant an erect, strigose and glandular-punctate perennial herb 0.5–0.8(–1) m
tall; root deep, woody, fusiform, branching, rough-furrowed, to at least 1.5 cm
wide ⫻ 15 cm long (Fig. 4D). Stems each senescing and detaching at ground
level promptly after maturation of fruit, including the persistent infructescence;
in life 1–few, to 6 mm in diameter, branching usually a little below the middle,
with exfoliating scaly epidermis below, sometimes purplish toward base, striate, blond to dark brown punctate-glandular, and strigose (hairs 0.4–0.9 mm
long), often with remnants of cataphylls, these usually only one or two, remote,
and some distance from base, 6–10 mm wide ⫻ 6.5–9 mm long, obviously veined,
sometimes bifid. Stipules erect, persistent, linear-lanceolate, 7–12 mm long ⫻
6.5–9 mm wide, papery, very sparingly strigose, obviously veined, the lower ones
sometimes fused-free, free above. Leaves palmately 3(–5)-foliolate (Figs. 1, 2, 4B);
petiole (0–)1–2.4(–4) mm long (reduced upward), terete to more usually slightly
canaliculate, sparingly strigose, not jointed to the stem and not swollen at the
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FIG. 2. Holotype of Pediomelum piedmontanum, prior to its deposit at NY.
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FIG. 3. County outline map showing Georgia, South Carolina, their capital cities, and portions of adjacent states. Counties with known occurrences of Pediomelum piedmontanum (all north of but near the Fall Line) are marked with the
first letter of the county name (Columbia, Lexington, Richland) and shaded. Based on a county outline map of the
southeastern U.S.A., downloaded from http://www.amaps.com/, with the approximate location of the Fall Line traced
from Physical Map of the Southeast, copyright 1967 by Wilbur H. Duncan.

base, shorter than petiolules or petiole lacking and petiolules attached directly
to leaf spur; petiolules usually darker in color than petiole, strigillose, 1.8–3 mm
long; leaflets narrowly to broadly elliptic, (0.4–)0.6–2.7 cm wide ⫻ (1.0–)1.2–5(–
5.5) cm long, apex rounded or shallowly retuse, often mucronate, basally cuneate, strigose-ciliate, upper surface sparingly strigose, especially on midvein,
lower surface usually slightly paler and more abundantly strigose, both surfaces densely dark-glandular. Inflorescence a dense, many-flowered
pseudoraceme, in outline [ovate or] elliptic to oblong, (2.1–)2.5–5.7 cm long, with
(4–)6–13(–15) nodes and (1–)3(–4) flowers per node; peduncle 0.6–2.8(–3.4) cm
long, base of same color and texture, not jointed to stem; rachis (1–)2–5(–5.5) cm
long, elongating only slightly in fruit, usually some or most of the nodes in
subopposite pairs, internodes (0.5–)1–6(–10) mm in length; bracts conspicuous,
enclosing the calyx, persistent, broadly ovate to suborbicular, caudate at apex,
body 8–11.5 mm wide ⫻ (7–)9–10 mm long, densely amber- to dark
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brown-glandular in age, often purplish-tinged distally, especially the 4.5–7(–
8) mm long tail; pedicels 1.1–3 mm long, pubescent. Flowers (Fig. 4A) 12.5–14
mm long; calyx (10–)12–13 mm long to upper teeth, 12–16 mm to lower tooth,
the tube green or sometimes suffused with violet, 4–5 mm long, nearly glabrous
internally, externally more or less pilose, at least below the lower tooth, and
amber- to dark brown-glandular except for the gibbous area, sometimes largely
eglandular except along the vein running into each of the upper and medial
teeth, the teeth linear-lanceolate, darker green and often tinged with violet, at
least distally, copiously pilose-ciliate proximally and sparsely so distally, the
upper four teeth 4–8 mm long ⫻ 1–1.5 mm wide, nearly glabrous on both surfaces or internally more or less sericeous, the lower tooth (6–)7–11(–11.5) mm
long ⫻ 1.5–3 mm wide, internally sericeous, proximally externally pilose, the
calyx in fruit strongly gibbous-campanulate, with a vein to the apex of each
tooth and one to each sinus, those to the sinuses bifurcating and continuing as
submarginal veins more than 3/4 the length of the tooth; petals violet to lavender, or cream to yellowish with tinges of violet on wings and keel; banner obovate or broadly oblanceolate, (8.5–)10–14 mm long ⫻ 5.5–7 mm wide, the claw
(3.5–)4.5–7 mm long, the blade shallowly emarginate or occasionally truncate,
low-biauriculate, the auricles scarcely internally callose; wings (7–)8–12 mm
long ⫻ 2–2.5 mm wide, the claw (3–)4–6 mm long, the auricle 1–1.5 mm long;
keel petals (5–)6–10 mm long ⫻ 2–2.5(–3) mm wide, the claw (3–)4–5 mm long,
the blade with a darker violet blotch apically, occasionally very slightly apiculate; androecium 9.5–11 mm long, apically calyciform, anthers obovoid-elliptic,
0.5(–0.75) mm long; gynoecium 8–9 mm long, ovary glabrous, style glabrous or
sometimes strigillose at the base. Fruit body broadly elliptic to slightly obovate in profile, 6–7 mm long ⫻ 4–4.5 mm wide, glabrous, densely amber- to
dark brown-glandular, narrowed (but not abruptly) to the arcuate beak, which
is (5–)6–8 mm long ⫻ 2–3 mm wide, glandular like the body, adaxial surface
sparsely short-pubescent, distinctly longer than the calyx teeth and strongly
exserted (Fig. 4C). Seed weakly reniform, 3.5–5 ⫻ 2.5–3.5(–4) mm, compressed
but not flattened, nearly smooth, gray-brown (Fig. 4E). Flowering late May–late
June (–late July), fruiting July–August(–September).
Habitat and range.—Apparently endemic to rocky, open areas and adjacent
open woodlands in the lower Piedmont Plateau of Georgia and South Carolina
(Fig. 3).
PARATYPES. U.S.A. GEORGIA. Columbia Co.: (topotypes): 16 Jun 1996, Patrick s.n. (GA, NY); 21 Jun
1999, Morris 4558 (NGCSU, NLU); 25 Aug 2001, Allison et al. 13001 (GA); 2 Jun 2002, Morris 4971
(NGCSU, NLU, SWSL); 15 Jun 2002, Allison & Morris 13423 (CLEMS); 5 Sep 2002, Allison 13459 (MO,
VSC); 25 Jul 2003, Allison 13611 (FLAS, GH, NY, US), Allison 13613 (MICH); 19 Aug 2005, Morris 5039
(NGCSU); 24 Aug 2005, Allison & Morris 13777 (NCU); 18 Sep 2005, Williams & Morris 55 (NGCSU);
27 Sep 2005, Allison 13813 (AUA, FSU, GA, JSU, PH, TENN, UNA). SOUTH CAROLINA. Lexington
Co.: 23 km NW of Columbia, 5 Jun 2005, Egan & Egan 263 (BRY, NY); 25 Sep 2005, Allison 13800 (BRY,
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FIG. 4. Some details of Pediomelum piedmontanum, all from the type locality in Columbia County, Georgia. A: distal portions of two inflorescences, showing corollas and—strongly tinged with violet distally—the large and caudate bracts
that conceal the calyces except for the slender calyx-teeth, the apices of the latter also tinged with violet; 15 Jun 2002;
inset: transverse rupture of a fruit (partly included in calyx), characteristic of the genus Pediomelum; from Allison 13611
(collected 25 Jul 2003). B: a 5-foliolate leaf, uncommon in this species and unknown in P. canescens, but frequent in
many of the more western spp.; 24 Aug 2005. C: an immature infructescence showing the large, arcuate, and strongly
exserted beaks of the fruits, greener in the unripe state than the bracts, and longer and broader than the calyx teeth;
25 Jul 2003. D: proximal portion of root; from Allison et al. 13001 (collected 25 Aug 2001). E: seeds; from Allison 13611
(collected 25 Jul 2003).
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CLEMS, MO, TAMU, TEX, USCH, VDB); 26 Sep 2005, Allison 13808 (GH, NY, US). Richland Co.: 26 km
NW of Lexington, 8 Jun 1984, Angerman s.n. (USCH; labeled, apparently in error, as from Lexington
County); 5 Jun 2005, Egan & Egan 262 (BRY, K, NY); 25 Sep 2005, Allison 13801 (BRIT, CLEMS, NCU,
USCH); 26 Sep 2005, Allison 13803 (BRY).

COMPARISONS WITH CONGENERS

Within the papilionoid legumes (whether treated as a family or subfamily),
two tribes, the Psoraleeae (Benth.) Rydb. and the Amorpheae Boriss., are characterized by 1-seeded, indehiscent fruits and (usually) glandular foliage. The
Amorpheae produce terminal inflorescences and mostly pinnately divided
leaves, while the Psoraleeae have inflorescences that technically are axillary
and leaves mostly palmately divided (Barneby 1977). Taxonomists have treated
the Psoraleeae as consisting of a single diverse and widespread genus, Psoralea
(e.g., Cronquist 1981), or as composed of a narrowly circumscribed Psoralea and
several genera segregated from it (e.g. Rydberg 1919–1920). In the most recent
monograph covering North American Psoraleeae, Grimes (1990) took the latter
approach, following Stirton (1981) in restricting application of Psoralea to a few
species of the Old World (typified by P. pinnata L.) that have solitary flowers in
fascicles subtended by lobed cupula, while the inflorescences of the New World
segregates are pseudoracemes (racemelike in appearance, but some or many of
the nodes with two or more flowers). Grimes apportioned all of the New World
Psoraleeae to segregate genera, many of them proposed earlier by Rydberg but
not as rigorously defined by him. Grimes’ generic reassignments have gained
broad acceptance, aided by their prompt adoption by Isely (1990).
The prime characteristic of Pediomelum, according to Grimes (1990), is a
transverse rupture of the pod (inset, Fig. 4A), the base remaining attached to
the receptacle after the beaked distal portion and seed fall away. The genus was
divided by Grimes into three subgenera. Leucocraspedon Grimes consists of two
trailing species of south-central U.S.A. with pinnately-divided leaves, reddish
to ochroleucous flowers, and a white ridge surrounding the hilum. The other
two subgenera have mostly palmately divided leaves, flowers mostly lavender
to bluish-violet, and the hilum not ringed by a white ridge. Subgenus
Disarticulatum Grimes comprises nine acaulescent or shortly-caulescent species (one composed of two varieties) in which the infructescence disjoints in
age at the peduncle-base. Only one species of subgenus Disarticulatum occurs
east of the Mississippi River (Grimes 1990): P. subacaule (Torr. & Gray) Rydb., of
calcareous pavement outcrops (cedar glades) of the Interior Low Plateau of Tennessee and Alabama (Nashville Basin and Highland Rim), and more rarely the
Ridge and Valley of Alabama (Allison & Stevens 2001) and Georgia (Baskin &
Quarterman 1970), the Georgia occurrences about 300 km to the northwest of
the Georgia site for P. piedmontanum.
The remaining 10 of the 21 Pediomelum species accepted by Grimes, with
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the addition of P. piedmontanum, constitute subgenus Pediomelum, with persistent infructescences and a caulescent habit. It is not clear, based on morphology, which of these species is most closely related to P. piedmontanum. As the
morphological data are supplemented with molecular analyses, evolutionary
relationships within Pediomelum should become clearer.
Geography and subsessile leaves do not establish a close affinity to the
nearly sympatric Pediomelum canescens, when weighed against the very different inflorescences of P. piedmontanum, many-flowered and persistently congested. The latter are similar, at least in appearance, to those of certain species
of western U.S.A., where the subgenus is much more widespread and diversified. The occasional development in P. piedmontanum of 4- or 5-foliolate leaves
(Fig. 4B) also suggests a closer affinity to some of the western species, as such
leaves are unknown in P. canescens but typical of such species of the Great Plains
as P. cuspidatum and P. esculentum (Pursh) Rydb. In his monograph, Grimes
(1990) opined that there are two natural groups within subgenus Pediomelum
based on calyx morphology: P. argophyllum (Pursh) Grimes, P. digitatum (Nutt.
ex Torr. & A. Gray) Grimes, P. canescens, and P. aromaticum (Payson) W.A. Weber appear to be a closely related group of species, with broadly and shallowly
campanulate fruiting calices. Pediomelum piedmontanum, however, with a narrower, gibbous-campanulate calyx, would fall into the other group from P.
canescens.
The following modification of Grimes’ (1990) Pediomelum key to include
P. piedmontanum, requiring only the expansion of a single couplet, provides a
summary of the most conspicuous distinctions from P. canescens:
7. Petioles less than 7 mm, or lacking, shorter than the petiolules.
Inflorescence loose (much of the axis exposed); leaflets 1–3, less than twice as
long as wide, petiolules 5–9 mm; of sandy habitats in the Coastal Plain _____ P. canescens
Inflorescence congested (the axis usually concealed); leaflets 3(–5), more than twice as
long as wide, petiolules 1.8–3 mm; of rocky habitats in the Piedmont ____ P. piedmontanum
7. Petioles longer than 7 mm, or if rarely that short, always equal to or longer than
petiolules ___________________________________________________ (P. cuspidatum et al.)

Demonstrating major differences from Pediomelum canescens does not test the
alternative hypothesis that the Piedmont plants constitute a subsessile-leaved
variant of a more western species. To rule this out, we compared the Piedmont
plants to the descriptions in Ockendon (1965) and Grimes (1990) of all known
Pediomelum taxa. We found that there are always multiple characters separating the new species from each of its other congeners. For example, P.
piedmontanum is similar to P. canescens in its strongly beaked fruit, small corollas, and subsessile leaves; like only P. reverchonii (S. Wats.) Rydb. in its enlarged bracts (causing the Piedmont plants to key to that species in Rydberg
1919–20); and like both P. cuspidatum and P. esculentum in having many-flowered inflorescences. At the same time, P. cuspidatum differs by its much shorter

81

ALLISON ET AL., A NEW SPECIES OF PEDIOMELUM FROM GEORGIA AND SOUTH CAROLINA

237

fruit-beak from both P. esculentum and P. piedmontanum, while P. esculentum
has larger corollas, on average, than any of these, besides being uniquely
eglandular. In short, our comparison of P. piedmontanum with all recognized
species of Pediomelum indicates that the new taxon is too distinctive to be
treated at varietal or subspecific rank, under P. canescens or any of the more
western species.
Additional research into the systematic relationships, population structure, etc. of Pediomelum piedmontanum is underway or is planned for the near
future, including, as part of ongoing investigations by Egan of the psoraleoid
legumes, a molecular phylogenetic analysis to determine the closest congener
for P. piedmontanum, and a study of the population genetics of the new species,
based on DNA sequences.
HABITAT AND ECOLOGY

The Georgia and South Carolina localities where Pediomelum piedmontanum
has been found are all located about 20–25 kilometers north of the Fall Line,
the name commonly used for the boundary between the Piedmont and Coastal
Plain physiographic provinces. At all three of the known occurrences, metamorphic rock is exposed in places, including serpentinite at the Georgia locality (Cocker 1991a, 1991b) and phyllite at the South Carolina sites (Secor &
Wagener 1968a, 1968b). Bedrock in these locations appears to be relatively close
to the surface over an area of at least a few hectares, extending beyond the actual outcrops. This is inferred from the plant communities, with the openings
dominated by drought-tolerant grasses and forbs, such as Schizachyrium
scoparium (Michx.) Nash and Hypericum gentianoides (L.) B.S.P., and the adjacent, thinly-stocked woodlands dominated by drought-tolerant pines and oaks,
such as Pinus echinata P. Mill., P. taeda L., Quercus falcata Michx., Q. stellata
Wangenh., and Q. marilandica Muenchh.
Most of the biomass at all sites is composed of fairly widespread species
that are frequent in dry, rocky sites of the lower Piedmont. A few relatively infrequent taxa, however, particularly when common to sites in both Georgia and
South Carolina, may have some value as indicator species (their occurrences
indicating potential habitat for the Pediomelum). Baptisia bracteata Muhl. ex
Ell. and Vernonia acaulis (Walt.) Gleason fall into this category. Among species
recorded from the Richland County site, the uncommon Hypericum lloydii
(Svens.) P. Adams may also have some indicator value.
The mix of woody plants and particularly the composition of the herbaceous layer suggest that the soil at these Pediomelum sites is somewhat acidic
and low in fertility. This was borne out by samples of topsoil, each collected
adjacent to a plant of P. piedmontanum, that we sent to the University of Georgia Soil Testing Lab for analysis, two from the Georgia locale and one from each
of the South Carolina sites. Because of the small number of samples, we refrain
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at this time from offering definitive comparisons of soil chemistry among the
sites, but all samples had an acidic pH value (4.0–6.2). If the new species were
restricted to the Georgia site, as was formerly believed (Allison et al. 2003), its
rarity could be easily explained as reflecting adaptation to soil derived from
serpentinite, a rock rarely exposed in the eastern United States south of Maryland (Tyndall & Hull 1999). The high levels of magnesium and toxic heavy
metals (e.g., chromium and nickel) characteristic of serpentine barrens were
reflected in our Georgia test samples, but their concentrations were not nearly
as elevated in the samples from the two South Carolina sites. For comparison,
we also submitted a soil sample taken from about 9 km southwest of the type
locality, from the margin of an outcrop of granite, an abundant rock in the Piedmont. For the pH and the elements named above (Mg, Cr, Ni), as well as for most
of the other elements measured, the values returned from the South Carolina
samples were more similar to those from the regionally abundant granite outcrop habitat than from the regionally rare serpentinite outcrop of the Georgia
type locality. In short, the factors responsible for the apparent extreme rarity of
Pediomelum piedmontanum are not known at present.
Our observations of the relative vigor of plants indicate that, like the great
majority of its associates as well as the other members of subgenus Pediomelum,
P. piedmontanum is a heliophyte. Vigor in the new Pediomelum is strongly correlated with the amount of sunlight, with plants growing in the open generally
larger and more floriferous than the partly shaded plants growing in the adjacent woodlands. The sizeable, deep-reaching root systems of P. piedmontanum
and its relatives surely provide both a capacity for underground storage that
protect them against drought, while also placing their shoot-meristems mostly
out of reach of wildfires, permitting rapid regrowth to take advantage of suddenly reduced competition for light, water, and nutrients. As stated earlier, the
famously fire-adapted Pinus palustris has persisted at the Georgia type locality, despite fairly effective exclusion of fire at the site for decades. It seems likely
that at the South Carolina sites there are (or were at one time) natural openings,
long-persistent due to shallowness and infertility of soil, that were prevented
in the past from total closure by occasional fires. It is apparent that the controlled use of fire should be a primary management tool for the protection and
enhancement of populations of Pediomelum piedmontanum.
In terms of pollination ecology, papilionoid flowers like those of
Pediomelum piedmontanum are considered the product of natural selection
reflecting entomophily. A detailed study of pollinators has not been undertaken,
but Morris observed various insects visiting the flowers on June 2, 2002, including bees (probable Bombus spp.) and several species of butterflies, including the pipevine swallowtail (Battus philenor), eastern tailed blue (Everes
comyntas), buckeye butterfly (Junonia coenia), and dusky winged skippers
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(Erynnis spp.). The larvae of two of these (Everes comyntas, Erynnis spp.) have
been recorded as feeding upon one or more legume genera (Klots 1951).
CONSERVATION STATUS

Pediomelum piedmontanum appears to be a very rare species. It is difficult to
imagine that such a striking and distinctive plant, relatively large among the
herbaceous legumes of its region, could be merely uncommon and yet be represented in herbaria by so few specimens. Indeed, publication has been delayed
until now in part by our concern that the outcome might include its extirpation by collectors. That concern has been only slightly reduced by the increase
in the number of known sites to three, from the single one known at the time of
Allison et al. (2003).
According to NatureServe’s global conservation status ranking, a system
very similar to the IUCN Redlist criteria, Pediomelum piedmontanum would
be classified as Critically Imperiled (Global Rarity Rank = G1), a rank that
should be qualified with a question mark (G1?), indicating that the taxon is not
well known enough to assign a rarity rank with confidence. The chief source
of doubt is the fact that Egan found the Lexington County population quite
serendipitously, offering hope that there are at least a few other populations
awaiting discovery. We plan to search for such populations, especially in South
Carolina. We will also seek partnerships with landowners, land managers, and
conservation agencies/NGOs to protect and enhance the known localities.
As there is no guarantee that protection of any of the sites will be possible,
we have taken the precaution of twice collecting seeds from the type locality
and providing them to the Atlanta Botanical Garden. The first batch of seeds
has already yielded a few plants. We intend to work with the ABG and others to
use these and future production to establish one or more experimental populations, in locations near the type locality and with similar edaphic characteristics. We do not consider that such efforts can be assumed to be sufficient to
guarantee the long term survival of Pediomelum piedmontanum, however, and
we urge an expedited consideration of its listing under the federal Endangered
Species Act and corresponding state laws.
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